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Preface 


In recent years, the teaching curriculum of Physical Chemistry in many Indian 
universities has been restructured with a greater emphasis on a theoretical and 


conceptual methodology and the applications of the underlying basic concepts and 


principles. This shift in the emphasis, as ‘have observed, has unduly frightened 
undergraduates whose performance in Physical Chemistry has-been otherwise 
generally far from satisfactory. This poor performance is partly because of the 
non-availability of a comprehensive textbook which also lays adequate stress on 
the logical deduction and solution of numericals and related problems. Naturally, 
the students find themselves unduly constrained when they are forced to refer to 
various books to collect the necessary reading material. 


_ itis primarily to help these students that I have ventured to present a textbook 
which provides a systematic and comprehensive coverage of the theory as well as - 
of the illustration of the applications thereof. 


The present volumes grew out of more than a decade of classroom teaching 
through lecture notes and assignments prepared for my students of BSc (General) 
and BSc (Honours). The schematic structure of the book is assigned to cover 
the major topics of Physical Chemistry in six different volumes. Volume I 
discusses the states of matter and ions in solutions. It comprises five chapters 
on the gaseous state, physical properties of liquids, solid state, ionic equilibria 
and conductance. Volume II describes the basic principles of thermodynamics 
and chemical equilibrium in seven. chapters, viz., introduction and mathematical 
background, zeroth and first laws of thermodynamics, thermochemistry, second 
law of thermodynamics, criteria for equilibrium and A and G functions, systems 
of variable composition, and thermodynamics of chemical reactions. Volume Ш 
seeks to present the applications of thermodynamics to the equilibria between 
phases, colligative properties, phase rule, solutions, phase diagrams of one-, 
two- and three-component systems, and electrochemical cells. Volume IV deals 
with quantum chemistry, molecular spectroscopy and applications of moiecular 
symmetry. [t focuses on atomic structure, chemical bonding, electrical and 
magnetic properties, molecular spectroscopy and applications of molecular 
symmetry. Volume V covers dynamics of chemical reactions, statistical and 
irreversible thermodynamics, and macromolecules in six chapters, viz., adsorption, 
chemical kinetics, photochemistry, statistical thermodynamics, macromolecules 
and introduction to irreversible processes. Volume VI describes computational 
aspects in physical chemistry in three chapters, viz., synopsis of commonly used 
statements in BASIC language, list of programs, and projects. 


The study of Physical Chemistry is incomplete if students confine themselves 
to the ambit of theoretical discussions of the subject. They must grasp the practical 
significance of the basic theory in all its ramifications and develop a clear 
perspective to appreciate various problems and how they can be solved. 


viii Preface 


It is here that these volumes merit mention. Apart from having a lucid style 
and simplicity of expression, each has a wealth of carefully selected examples and 
solved illustrations. Further, three types of problems with different objectives in 
view are listed at the end of each chapter: (1) Revisionary Problems, (2) Try Yourself 
Problems, and (3) Numerical Problems. Under Revisionary Problems, only those 
problems pertaining to the text are included which should afford an opportunity to 
the students in self-evaluation. In Try Yourself Problems, the problems related to 
the text but not highlighted therein are provided. Such problems will help students 
extend their knowledge of the chapter to closely related problems. Finally, unsolved 
Numerical Problems are pieced together for students to practice. 


Though the volumes are written on the basis of the syllabi prescribed for 
undergraduate courses of the University of Delhi, they will also prove useful to 
students of other universities, since the content of physical chemistry remains the same 
everywhere. In general, the SI units (Systeme International d'unite 5), along with some 
of the common non-SI units such as atm, mmHg, etc., have been used in the books. 


Salient Features- 


e Comprehensive coverage to basic principles of thermodynamics and chemical 
equilibrium in seven chapters, viz., introduction and mathematical background, 
zeroth and first laws of thermodynamics, thermochemistry, second law of 
thermodynamics, equilibrium criteria A and G functions, systems of variable 
composition, and thermodynamics of chemical reactions 


e Emphasis given to applications and principles 
e Explanation of equations in the form of solved problems and numericals 
e IUPAC recommendations and SI units have been adopted throughout 


e Rich and illustrious pedagogy 
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Introduction to 
Thermodynamics 


1.1 SCOPE OF THERMODYNAMICS © 


The subject of thermodynamics deals basically with the interaction of one body 
with another in terms of the quantities of heat and work.' The entire formulation 
of thermodynamics is based on two fundamental laws which have been established 
on the basis of the experimental behaviour of macroscopic aggregates of matter, 
collected over a long period of time. There is no known-example which contradicts. 
the two fundamental laws of thermodynamics. With the help of mathematical tools, 
it is possible to apply pe a principles in every possible field of science 
and engineering. 


The science which deals with the macroscopic properties of matter is o as 
classical thermodynamics. Here, the entire formulation can be developed without the 
knowledge that matter consists of atoms and molecules. Statistical thermodynamics - 
is another branch of science which is based on statistical mechanics and which 


deals with the calculation of thermodynamic properties of matter from the classical 


or quantum mechanical behaviour of a large congregation of atoms or molecules. 


With the help of thermodynamic principles, the experimental criteria for 
equilibrium or for the spontaneity of processes are readily established. The 


Ї The concepts of heat and work are of fundamental importance in thermodynamics. Both 
these quantities change the internal energy of the system. Heat is best understood in terms 
of increase or decrease in temperature of a system when it is added to or removed from the 
system. The convenient unit of heat is calorie (non-ST unit) which is the heat required to 
raise the temperature of 1 g of water at 15 °C by 1 degree Celsius. The most common work 
involved in thermodynamics is the work of expansion or compression of a system. This work 
is best understood in terms of lifting up or lowering down a mass (say, m) through a distance 
(say, A) in the surroundings; the magnitude of work involved is mgh (see also sections 1.4 
and 1.5). Both heat and work have common characteristics of.(i) appearing at the boundary 
of the system, (ii) causing a change in the state of system, and (iii) producing equivalent and 
opposite effects in the surroundings. The experiments of Joule have established a definite 
fact (known as mechanical equivalent of heat) involving the work and heat. This fact states 
that the expenditure of a given amount of work, no matter whatever is its origin, always 
produces the same quantity of heat; 4.184 joules of work is equivalent to 1 calorie of heat. 
In SI units, both heat and work are expressed in joules. Since heat given to the system.and 
work done on the system. increase the internal energy of the system, these two operations 
are assigned positive values. The converse of these two operations, viz., heat given out and 
work done by the system are assigned negative values. 


\ 


2 A Textbook of Physical Chemistry 


equilibrium conditions for any system, in equilibrium state or otherwise, may be 
calculated. The result of such calculations will indicate the direction the system 
will take to achieve equilibrium. However, time is not a thermodynamic variable 
and so thermodynamics cannot give any information about the length of time which 
would be required for any process to be completed. 


The following examples may be helpful. 


(1) Liquid water at -10 °C and 0.1 MPa pressure is unstable with respect to ice 
at the same temperature and pressure. However, water can be supercooled 
. to -10 °C and 0.1 MPa pressure and be maintained at that temperature and 
pressure for a long time. | 
(2) Acetylene gas is thermodynamically unstable with respect.to graphite 
and hydrogen gas. However, no one has observed acetylene decompose 
spontaneously into graphite and hydrogen. Thus, acetylene may take very 
long time'to decompose into graphite and hydrogen gas. The only thing that 
is predicted by thermodynamics is that had acetylene been in equilibrium with 
graphite and hydrogen, the concentration of acetylene would have been extremely 
small and thus essentially only graphite and hydrogen would be present. 


(3) Combination of H, and O, to give water is thermodynamically possible. 
Nevertheless, both gases can co-exist without combining for a long time. 


For chemical reactions, thermodynaiics can be used to predict the extent of 
reaction at equilibrium, that is, the equilibrium concentrations of all the active 
species. In addition, we can predict whether changes in the experimental conditions 
will increase or decrease the quantity of a product at equilibrium. 


1.2 BASIC DEFINITIONS 


X 


\ 


Surroundings 


Boundary 


State Variables 


In thermodynamics, a few terms with their specific definitions are involved. We 
give below some of the terms along with their definitions. 
The system is any region of space being investigated. 
A system, in general, can be of three types: 
(a) Closed system Matter can neither be added to nor removed from it. 
(b) Open system To this system, matter can be added or removed. 
(c) Isolated system This type of system has no interaction with its surroundings. 
Neither energy nor matter can be transferred to or from it. 


The surroundings are considered to be all other matter that can interact with the 
system. 


Anything which separates system and surroundings is called boundary (envelope or | 
wall). The envelope may be imaginary or real; it may be rigid or non-rigid; it may 
be a conductor of heat (diathermic wall) or a non-conductor of heat (adiabatic wall). 


The state of a system is defined by ascribing values to a sufficient number of state 
variables. Such variables are macroscopic properties such as pressure, volume, 
temperature, mass, composition, surface area, etc. Normally, specifying the values 
of only a few state variables is necessary for fixing or defining the state of a system. 
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Take, for example, a system consisting of an ideal gas. In order to define this 


Intensive and 
Extensive Variables 


Examples of | 
Intensive and - 
Extensive Variables 


Process 


system completely, we need to state the values of only three variables, namely, 


p, V and T. The values of other variables (say, for example, amount of the gas, | 


density, etc.) will be definite and thus need not be stated. 


Variables are classified as intensive or extensive. The classification can be explained Ps 


by taking a system at a fixed state and dividing it into two or more parts without 
alternating the state of the entire system. Those variables whose values on division 


remain the same in any part of the system are called intensive variables. Those ~ 


variables whose values in any part of the divided system are different from the 
values of the entire system are called extensive variables. The magnitudes of 
extensive variables are proportional to the mass of the system provided the values 
of all the intensive variables are kept constant. О 


Examples of intensive and extensive variables are given in the following. - 

Intensive variables Temperature, pressure, concentration, density, dipole moment, 
refractive index, viscosity, surface tension, molar volume, gas constant, specific 
heat capacity, vapour реа specific. gravity, dielectric constant, and emf of a 
dry cell. 


) 


Extensive variables Volume, energy, heat capacity, enthalpy, шорун free energy, 
length and mass. | 


A process is the path along which a change of state takes place. The process can 
occur under a variety of conditions which must be defined because many things 
may depend on the nature of the process. 


Isothermal process This occurs under constant temperature condition. 
Isobaric process This occurs under constant pressure condition. 
Tsochoric process This occurs under constant volume condition. 
Adiabatic process This occurs under the condition that heat can neither be 


added to nor removed from the system. 


Cyclic process It is a process in which a system undergoes a series of 
changes and ultimately comes back to the initial state. 


Quasi-static (or reversible) process Ifa process is carried out in such a way that 
at every moment the system departs only infinitesimally from an equilibrium state, 
the process is called a quasi-static process. At every instant, the system remains 
virtually in a state of equilibrium. 


1.3 MATHEMATICAL BACKGROUND 


| Partial Derivatives 


A great part of thermodynamics is concerned with the change of a thermodynamic 
property with a change of some independent variable. The mathematical operations 
used in such derivations are simple differentiations, partial differentiations and 
integration. In addition, the concepts of exact differentials, inexact differentials 
and line integrals are commonly used. 


Such type of derivatives arise when a function having two or more independent 
variables is differentiated. A partial derivative is defined as the derivative of a 
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First Derivatives 


Second Derivatives 


Euler’s Reciprocity 
Relation 


Total Differentials 


function with е to one of ће independent variables when all other independent 
variables are kept constant. 


Consider a single-valued function Z of two independent variables x and y; this is 
usually written as 7 = f (x, y) or Z(x, y). If one of the independent variables is held 
constant, then Z becomes a function of the other variable alone. ишш derivatives 
can thereby be defined as 


92| _ jm 4989) 26) - 
ax Jy Ax | Ах 
and EI ays li n Z6 y+ Ay) Z(x,y) 
dy A m Ду m 
Partial derivatives are evaluated by the rules for ordinary differentiation, treating 


the appropriate variables as constants, For example, the volume of one mole 
of an ideal gas, given by V, = RT, is a function of temperature and pressure, ie. 


Va = f(T, p). Thus 
ду RT V R 
др р p QD Jp P 
Since partial derivatives are themselves functions of the independent variables, they 


can be differentiated again to yield second (and higher) derivatives. If Z = f(x, y), 
then the first derivatives are (dZ/dx), and (dZ/dy), and the second derivatives are 


aaa), „эг 
à) ox | dx J, S ay? giy), ` 


д7 9 (2) ‚ 92 9 B 

дудх dy |\ dx), B 9дхду dx {Loy}, ; 
When a function and its derivative are single valued and continuous, the order of 
differentiation 1n the mixed derivatives is immaterial. Thus 


дх dy dy dx 


(1.3.1) 


Equation (1.3.1) is known as Euler 5 reciprocity relation (or cross-derivative 
rule). It is applicable to the thermodynamic functions. For an ideal gas. We have 


| op’ " p 2 or? 7 
3V /9T 
TE ar | |" = д OR 
p T 
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We have considered so far changes in Z(x, y) brought about by changing one of - 
the independent variables at a time. The more general case involves simultaneous 
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variations of x and y. Let AZ be the small change in Z brought by simultaneous 
increments x and y in the independent variables. Thus 


AZ = Дх + Ax, у + Ay) - Ду, y) 
Adding and subtracting the quantity Z(x, у + Ay), we get 
AZ = {Дх + Ax, y + Ay) - Ду, у + Ay)] Us у + Ay) - Ду, у) 


Multiplying and dividing the expression within the first bracket by a ws Ax and 
that within the. second bracket by Ay, we get 


| | = Av)- qo Ж us ] 
к E: Ах, y Ày)- Z(x, ren, erret жел, 
; zx | i Ax : | v Ay | 
Approaching the limit Ax — 0 and Ay > 0 the two bracketed quantities become 


partial derivatives, while the increments Ax, Ay, AZ can be replaced by the 
differentials dx, dy, dZ, respectively. Thus, the total differential of the function 


Дх, y) is 
д7 д7 
са E (2) ду 


For a function Z of n independent variables Z = f(x}, x», ..., х,), Шеге are n first 
partial derivatives. The total differential is given by | 


07 07 д7 {97 
(| A (s № H (| | Ms je 


To determine the cuo in the value of the thermodynamic function caused by a 


change in one or more state variables, it is necessary to express the partial derivatives 


of the function in terms of experimentally observable quantities. Certain relation 
between partial derivatives which facilitate obtaining the required expressions are 
derived below. 


(i) Letu bea function of x and y; its differential is 


du = (=) TES dy (1.3.2) 
dx), ду), 


If u = f(x, y), then x = Ди, y) and its differential is 


ox ox 
A du d (1.3.3 
Ай 5.) (Z| 5 ew 


Substituting Eq. (1.3.2) in Eq. (1.3.3), we get 


(е еН, 
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Cyclic Rule 


The variables x and y are independent. If у is held-constant, 1.е. dy = 0, then 
Eq. (1.3.4) becomes 


HE) J 


But dx may have any value and therefore the term within the pa must be 


zero. Thus 
du) (à | nv T Р 
— | =0 —| = 1.3.5 
d In M А] (дх/ди), ue) 


that is, the partial derivative is equal to the reciprocal of the partial derivative 
between the same two variables taken in opposite order, provided the same variables 
are held constant, 


If x is held constant, i.e. dx = 0, then Eq. (1.3.4) ЕИБ 


ae) (8n fan) _ | 
| (25) ü Е 


This equation сап be written in several different forms such as 


В] _ биду), 
ду), Quia», | ee 


au (ax d | 
Боа ae Ne ae eae) j 1.3.7 
j DEE b. | d 


Equation (1.3.7b) is known as a cyclic rule and is applicable for any three variables 
of which only two are independent. 


(ii) Consider again the function и = f(x, y). Let y = f(x, s). The differential of y in 
terms of x and s is 


ф= (2 «(2 ds (138) 
Ox }, ds /, 


But if u = f(x, y) and y = f(x, s), then и = f(x, s). Writing the differential of u 
in terms of x and s, we have 


ди ди | 
dy = BL ( x ds (139) 


The differential of u in terms of x and y is 


du = t3 ваа) dyo (1.3.10) 
NOx, dy}. : 


Substituting dy from Eq. (1.3.8) into this, w get 


В o 


\ 


en 


be 


les 


in 
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_ Equations (1.3.9) and (1.3.11) are identical. Therefore, the coefficients of dx and 


ds i in them must be the same, ie. 


(8) =) 4880), m 


« GEB os 


Equations (1.3.12a) and (1.3.12b) can be evaluated directly from Eq. (1.3.10). 
Dividing Eq. (1.3.10) by dx and introducing the condition of s being constant gives 
Eq. (1.3.122). Similarly, dividing Eq. (1.3.10) by ds and introducing the condition 


of x being constant gives Eq. (1.3.12b). 


(iii) If the two independent variables in a function u = f(x, y) are also functions of 


‘two other independent variables x = f(s, À, and y = f(s, 0), then the function u also 
becomes a function of s and f. The differentials of these functions are 


(ди) fou) EX" 
* - 2) TE ] dy * (313) 
(S) ae | 
dy \ (2) 
E: ns Lr { 


«(lee Т 
Os), | 


Substituting dx and dy from Eqs (1.3.14) and (1.3.15) in Eq. (1.3.13), we get 


«СОЧ 


(1317) 


dean. (13.14) 


d (1.3.15) 


Comparing Eqs (1.3.16) and (1.3.17), we get 


"OT 
ds ox ‚\д$ ду J 98 /, 

| du) (9u) dx \ (ди \ a) 13.19 
and | ) (5) +: ( (1.3.19) 


д! А ду), 
Equations (1.3.18) and (1.3.19) can also be obtained directly from Eq. (1.3.13). 
Dividing Eq. (1.3.13) by ds and introducing the conditions of constant /, we get 
Eq. (1.13.18). Similarly, Eq. (1.3.19) can be derived by dividing Eq. (1.3.13) by 
dt and ыш: the condition of constant s. 


i 
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The following equations can also be derived from Eq. (1.3.13). 


Shell" um 
«ББ ДЫ?" em 


where v is a function of x and y. 


Nene mer pror o mo Em z — 
Ce 


Problem 1.3.1 Derive the cyclic rule 
E | Hl | (| e 
| ӘТ Jy\ AV / \ Фр jr : 
Solution — | Since p 7 f(V, fj, we have 
w= S.) ar (TP) ar 
ӘТ y 14 T 


For a cyclic process, dp = 0, so that 


Dividing by (9V),, we have 


22)» AA 
СЕ 


Problem 1.3.2 Test the cyclic rule of Problem 1.3.1 for р/, = RT. 


Solution Differentiating the given equation p A = RT; we have 
p dV, + Vn dp = R dT 


А Dividing this equation by dT and introducing the condition of constant molar volume, we get 


(E) (8) =f 
OT Jy, ӘТ by, V. 


Similarly, we have 


Ela = ges 
А р К др р 


Now substituting these in the er rule of Problem 1.3.1, we get 


Problem 1.3.3 Test the cyclic rule for 


Е )- RT 
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Solution Writing the given equation as 


| | — |= КГ 


and then differentiating, we have 


Рб + Vat - 747, - RdT 


m 


Dividing by dT and introducing the condition of constant volume, i.e. dV, = 0, we get 


Ny 2 ; | oT Vm oT Vm V, 


m 


Similarly, we have 


(or \ p-alVi mg NE^ 
ТЖ = ——— апі oe Д анти 2 
QV, Ж др jp  p-alV; 


Substituting these in the cyclic rule, we get 


а 2 ; 
(2) [oT ЕЭ M R р-а oou PN E EN ENT 
OT Hy AOV, рт VLA К p-alVij ` 


Ordinary Integration The definite integral of a continuous function is defined by the limit 


b R 
| fG)drz lim. lim У f(x) A, (1.3.22) 
a neo Ar Эф il 


where Ax; = х;у — x, with x, = a and x,,, = b. 
The geometrical interpretation of the above integral as an area is illustrated in 
Fig. 1.3.1. | 


j | ›=®) 


Fig. 1.3.1 Geometrical 
\, interpretation of 
the integral 


The operation of integration is the inverse of that of differentiation. Thus 
b 
| fG)dxe F(b)- F(a) (1.3.23) 
a Я 


where | e fo) | | Е (1.3.24) 
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Indefinite Integral 


Line Integrals 


This follows easily from the definition of the derivative 


im РО) Fx) 
Ax,0 


i 


Substituting this in Eq. (1.3.22), we get 


= f(x) (1.3:25) 


Уо) Е Е) Еа) (132 
i=l | 

which establishes Eq. (1.3.23). Using Eq. (1.3.24) in Ба. (1.3.23), we have 
| dFQ)=FQ)-F(@) (1327) 


showing that a definite integral can be expressed as a difference between two 
boundary values of a function. 


If the integrátion is done without the limit of integration, it is then called an — 


indefinite integral. In this case, we have 


FQ) = | fad | 7 (1.3.28) ' 


If the function F(x) contains a constant term, the term does not affect the | 


derivative f(x), because the derivative of a constant is zero. Consequently, on 
integrating the function f(x), the constant term must be added to the integral. Thus, 
Eq. (1.3.28) must be written as 

FQ) = | fG)dce1 | (1.3.29) 
The value of / (constant of integration) can be determined if the value of F(x) is 
known at some value of x, say x;. 

1=Е()- || nord — (13.30) 
where the subscript on the last term is used to indicate that the integral is to be 
evaluated at x;. 
Differential expressions of the form 

do = Р(х, y) dx* Q(x, y) dy (1.3.31) 
for two independent variables are often met in physical sciences and engineering. 


When dx and dy are small, the-quantity dọ is a small increment of some quantity 6, 
which may or may not be a function of x and y. The integral of such expressions 


' between two points (x,, y) and (x, у,) can be determined along some particular 


path connecting the two points, since dọ can be calculated from Eq. (1.3.31) for each 


X part of a specific path. The integral is the summation of the quantity dọ, obtained 


as we move along the curve. Such integrals are called Jine or contour integrals. 


The value of a line integral between two points depends, in general, upon the 
path followed in determining the integral. a an example, let us evaluate the line 
integral 


‚| (rdx- xy) 


м 9 "= wa 


cow 


Fig. 1.3.2 Two different 
paths employed in 
going from А to B 


í Line Integral and 
Green’s Theorem 
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from A to B in Fig. 1.3.2 along two different paths 
(i) АЮ, 0) to BQ, 2) 
(ii) A(0, 0) to D(2, 0) to B(2, 2) 


(ii) 


Mee : 
Path (i) ^ Along the line AB, we have 
- EZ 
Therefore, | ydx-xdy-0 
Hence, | 9dx- dy) =0 
| AB 
Path (ii) Along AD, we have 
y=0 and dy=0 
Thus, ydx-xdy = 0 
Along DB, we have 
x-2 and dx =0 
Thus, ydx-xdy =-2 dy 


Hence, | ф®-хф)= | (ydr-xdy)+ | (ydx—xdy) 


ADB AD DB 
= [297 [.-28 - -4 
DB 


The line integral can be reduced to an ordinary integral with one independent 
variable, if y is a function of x and 
dy = (dy/dx) dx 
With this Eq. (1.3.31) becomes 
xX i * 2, d 
L Jd = | |o rope Qoo |а (1.3.32) 
The value of such integral depends upon the particular function chosen for y(x). 


A line integral of special interest occurs when the path of integration is a closed 
curve, that is, the initial and final points are identical. Such integrals are called 


cyclic integrals and are denoted by the symbol ф. Thus, the cyclic integral of the 
differential expression given by Eq. (1.3.31) is represented as 


ew 
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Fig. 1.3.3 Cyclic 
integration 


Exact and Inexact 
Differentials 


фаф= PLPC, у)®+0(х, у) à] (1333) 


The value of this integral is determined by traversing the closed curve, usually in 
a counter clockwise direction (Fig. 1.3.3). 


Green's theorem states that under certain conditions* 


80! (Әр 
(Рх, у)йх+ Q(x, »91- Jes x ps 19) № ду (13.34) 


М 


The right hand side of Eq. (1.3.34) represents the double integral over the surface 
enclosed by the closed curve. 


A special case occurs when the cyclic integral of a differential expression given by 


Eq. (1.3.33) equals zero for every closed curve. According to Green's theorem 
(Eq. 1.3.34), we have 


Ed 4G (1.3.35) 
dx/, \ду}), 


When the condition of Eq. (1.3.35) holds, the differential expression is said to be 


exact and dó is said to be an exact differential; otherwise, the differential expression 
is said to be inexact. 


If dọ of Eq. (1.3.31) is to be an exact differential, then 
фаф = &(PGx, у)®+0(х, у) dy] =0 (1.3.36) 


From Fig. 1.3.3 the cyclic integration can be replaced by two line integrals 
(i) from A to B in the counter clockwise direction and (ii) from B to A in the same 
direction, so that 


m јан je 


* If P(x, y), 00, y) (aP/àx), and (dQ/dy), are continuous functions of x and y along the 
curve L and over the surface S (Fig. 1.3.3). | 


i 


ото 


Summary of 
Exact and Inexact 
Differentials 

\ 
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e 


Since $d - 0, it follows that 


| apo feo (1.3.37) 
A B rR) 
If this condition is true for any cyclic path, the line integral from A to B; “tt | ja 


must be independent of the path and its value depends only on two points. A and 
B (as in the case of ordinary integration). 


Ii may be readily proved that the condition of Eq. (1.3.35) as derived from 
Green's theorem is equivalent to Euler's reciprocity relation. If $ is a function of 
x and y, the total differential of ф is given by 


| a) (2) 
аф Е K m p 


If dọ is given by the differential expression 
d$ = Pix, y) dx + Q(x, y) dy | 
it follows that | 


Ps у) = B TE ЖЕЗ 


The condition of exactness, as given by Eq. (1.3.35), is 


(aP) (30 

Gets 

fafa) | [aloe 
Therefore | ү EHI 


which is Euler's reciprocity relation (Eq. 1.3.1). 


X 


The concept of line integral, exact differential and inexact differential may be 
summarized as follows: 


We are concerned with the differential expression 
40 = P(x, y) dx + Qx, y) dy 
The integration of such an expression is carried out along a designated path 
between two points (ху, yı) and (х,, у,) or along a closed curve. 
e Ifthe line integral | dg depends upon the path along which the integration 


X, 
is performed, or, if фа is not equal to zero, Шеп dó is an inexact differential. 


There is no function ф(х, y) which exists whose total differential is given by 
P(x, y) dx + Q(x, y) dy. 


\ 
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x», 
o Ifthe integral 1) do does not depend upon the path along which the integration is 
ху | 

performed, or it $ 4ф equals zero for every cyclic path, then dq is an exact differential. 
A function ф(х, y) does exist and its total differential is equal to P(x, y) dx + 
Q(x, y) dy with the condition that (9P/9y), is equal to (2Q/0x),. 

• Symbolically, an inexact differential is distinguished from an exact differential by use 
of d (Le. d cross) instead of d, i.e. d denotes the inexact differential of à while dg 
is the exact differential of ¢. 


© Problem134 (0) Given the differential 
| , kT | 
dó- —dp-RdT 
. р. | 
(i) Сату out the line integration between the limits Т, ро to Т, p, along the following three paths 
(shown in Fig. 1.3.4). - 


(а) Ty py > Ty Po > To pi 
(b) To py > Ty Pi > T, pi 
(с) Ty py 3 T, p, 
(ii) Show that 40 is an inexact differential. 


(iii) Is it possible to define the function (¢) explicitly in terms of T and p? 


Solution (i) Carrying out the line integration along the given paths, we have 
B(T, po) к | Cp) - 
Path (a) Аф, = | Е т | E ap-nar] 
A(T Po) B(T, ,Po) 
Т 
= -RÍ (агат [А.-т -T) * RT n2 
To Po p 0 
М 
Fig. 1.3.4 Three paths 
a, b, andc 
: Dpi) ТЕ C(T,p)) T 
Path (b) Аф, = | ЕЧ | ЕЕ ar 
| р | p 
A(T ,Po) ~ Dp) 


T, | 
= кт]"а- ваг тоа 2-а, т) 
Po р T | Do | 


1 
i 
Í 
| 


1$ 


hs 


Y 


we 


Problem 1.3.5 


Solution 


| ii) We observe that 
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Path (c) Temperature and pressure along the path c are related by the expression 


» | 
4 T-T ` 
T= n+ | е-ро 
Pi T Po 
Hence dT = paar 
Pi- Po 


Substituting T and dT in the given relation and carrying out the integration over р, we have 


Ag. | [tn | 1-1 Е 124 Je 
b (P Di ро AD 7 Po J; 


RT, n ZL- Rp, РЕ а. ъала) а 
Po PP) Po (А-д) Do 


Аф, # Аф, # Ad 


that is, the line integral depends on the path of integration and, hence, dó is not an exact 
differential. This also follows from the fact that Euler’s reciprocity relation does not hold 
good. 


(iii) Since dó is an inexact differential, the function $ cannot be explicitly expressed. in 
terms of T and p. 


Given the differential 


(i) Carry out the line integration between the limits Т, ро and T}, p, following the three 
different paths of the proceeding problem. (ii) Show that d@ is an exact differential. 


{i) Carrying out the line integration along the given paths, we have 


B(T,. p) Л, 
Path (а) Ad, = | [Ra rT aol, | [5 т-р 
жой зр | р 
А(1у.ру) BCT, Po) 
R | | D. 
ETELE 
Po Pi Do Pi Po 
D(%,P1) - Cf, p) T 
Path{b) Аф, = | "агер |а 
р | ups 
А(Ту,ру) DTP) ` 
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Path (c) Since for this path, 


T- 
Therefore dT= |222), 
Pi- Po 


Substituting Т and 4Т in the given relation and carrying out the integration over р, 
we get 


PI R( T, - T, R T, - 
a= | anny, ak ( tlo- КА 
| Po Р а Po p Di Po 
RES e 
pi PA PT Po p (p р Po 
[Ee eme m DEEP 
Py р-р р Р Po р 
А (Inch [LLL (2-5 
‘Pi Do Di Po Pi Do 
(ii) We see that E 


= Аф= Аф. 


and hence the given differential is an exact differential. This also follows from the Euler’s 
reciprocity relation. 


Comparing the given differential with the expression 
dọ = P(T, p) dT + Q(T, p) dp 
we find that 


For dọ to be exact differential, we must have 


j 
НЕН 
dp}, ӘТ, 
which is true since 
Y : "E 2 
: (е) uum „л „(аг emen m 
Op | дф jr p Т» | T J, p 


Exact Differential Let us review some properties of the exact differential dó(x, у) and the function ф(х, y). 
and State Function First, the integral of do (x, y) between any two points will be a function of the end points 
only and will be independent of the path. This may be represented as 


B B 
[4дх, у)=ф(х,у) |=ф-фу 7 A6 (1.3.38) 
-A 


i 
tdg 
E Essen rm ettet miami meme m fan P 


Ee, 


Dy 


Essential Criteria 
of a State Function 


Proplem 1.3.6 


Solution 


we have dV = -——dp + —dT 
р 
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The term Аф is then just (фр — фа), that is, its values is dependent on the difference 
(0g — 04) and not on the path in between. Further, the cyclic integral becomes 


B A 
фаф(х,у) = ]dd(x,y)+ |400,9) =0 
A B 


B A | 
or | dó( y) = - | dg(x,y) (1.3.39) 
A OB | 
A function which satisfies above requirements is called a state function. 
The essential criteria of a state function are as follows: 
* The change in the value of a state function depends only the initial and final 

states and not on the path of the process carried out in going from initial 
state to final state. 


`+ The cyclic integration involving a state function is zero. | 
е The state function has an exact differential, i.e. if p = ДТ, V) isa state function 


then 
| i] | 
dr dV 
ee E "Ar | 
with the condition that `. | 
lar "arl 
oV ӘТ у), ITUN 5], 


• All thermodynamic properties satisfy the requirements of state function. 
A few of them are 


AU =qtw Change in thermodynamic energy 
Grey 
garn Entro 
T py 
H=U+pV Enthalpy 
G=H-TS Gibb’s free energy 
A= U-TS Helmholtz free energy 


| | 
Hi = p J Chemical potential 
MT ‚р, J#i 


Show that the volume of a fixed amount of an ideal gas is a state function. 


For an ideal gas V = nRT/p, therefore 


(=| nR Hd nRT 
dispo ando = 
oT p P Op Jr р 


Substituting these in the relation 


[ad (©) 
d dT 
dV = ea р + jT 
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Problem 1.3.7 


Solution 


Differential 
Expression in 
Three or More 
Variables 


If Vis to be à state function, dV must be an exact differential, for which the Euler’s reciprocity 
condition states that | 


OT (Lop Jr}, OP (VOT Jp} 
Evaluating these, we get 

2 (x UE QAO 

aT |{ dp J, , 9T p, p 


E | -2( -R 
Op 97/6); dpi p jr p* 


Since (0° VAT $) апі (927/0р ӘТ) are identical, the volume of an ideal gas is а state function. - 


Show that pressure is a state function for a gas obeying 


(ae 


m 
Rewriting the given equation as ч 
"ЖА, 
Vows 
Therefore ea ^ EB 
Woe Va Ve oT), V, 
dp о _ R. ad д?р OR 
: COT П Е 2 
oT дУ 145 VaT У 
2 2 
Hence 9р 9р 


aT OV, У, aT 
Therefore, dp is an exact differential and p is a state function. 


Many application of thermodynamics involve more than two independent variables. A 
differential expression involving more than two variables (say, for example, three variables 
x, у, z) will be of the type | 


dd = M(x, y, z dx + N(x, y, z) dy + P(x, y, z) dz (1.3.40) 


As in the case of two variables, dọ can be either exact or inexact. If it is exact, 
then @ is a state function and its total differential will also be given by 


H 4 G E 41 
49 3 e 7 KA x), * (1341) 


| 
| 
| 
d 
| 
. i 
i A 
| 
| 
| 
| 
| 
| 


ЦЕННОЕ 
EE TR ARI m BH ENT AIR e ES Tg rt 


h 
i 
| 
| 
i 
$ 
| 
Ё 
a 
i 
i 
i 
^ 
P 


H 


‘ocity 


Problem 1.3.8 


ction. i Solution 
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Comparing Eq. (1.3.40) with Eq. (1.3.41), we get 
| 


yz S X,Z у 


Equation (1.3. 40) can be tested for its exactness with the help of reciprocity relations 
(one between each pur of variables). These are 


(9MY (an) (aw) ON (ap) (am 
ok ( 7 ) G - | z 33 Е . (1342) 


For an ideal gas pV = "ЕТ Taking yz m р, T), venfy that dV is an exact differential. 
For V = f(n, p, T), the total differential of V is 


oV oV oV 
dn +] — —| dT 
d e | (e 


For dV to be an exact differential, we ist have 


aj | а r) : | 

ag. 2 (or 23 (1.3.43) 
av \ ду С 

or аЙ He) |, | (1344) 


af(ar| | — a (ar | 
ИЕЛЕ ШШЕ 


Now for the given gas pV = nRT, we have 


е лү 
pr P P nT p oT np P 


a 2 | [кн т 
Mot at Jnr P 


2e | с a -RT 
р} nT рТ дп рТ p 


OREORE 
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Integrating Factor. 


a) | emn on 
oT др nT oT Жр p. 


а (97) | [ena GRE 
др oT һр) nT dp nT p. 


From the expressions of second differentials, we find that Eqs (1.3.43) to (1.3.45) are 
satisfied. Hence, dV is an exact differential for an ideal gas. . 


Àn inexact differential expression Pdx + Ody (with dP/y + д0/дх) can be 
converted into an exact one by means of an integrating factor G(x, y). In that case, 
G(P dx. + О dy) becomes exact, that is 


XGP) _ (GQ) 
dy dx 
Take, for example, the differential expression 
dg =y dr -x dy 


It can be converted into an exact differential by choosing G(x, у) = 14. Thus, we 
have | mE ` 


|| у 1 
— dó = df ==; dx-—dy 
X X X 


M _ Ed 
dy lx? le dX xA 
Thus, df is an exact differential. It can be verified that the function f = -y/x. 


Alternatively, the integrating factors 1/y^, 1/ху and WX + у?) convert the above 


relation to d(x/y), d[in (x/y)] and d[arctan (x/y)], respectively. Evidently the choice 
of G(x, y) is not untque. 


It can be seen that 


Another case of integrating factor is cited by the differentials given in Problems 
(1.3.4) and (1.3.5). Differential of Problem (1.3.5) can be obtained by multiplying 
the differential of Problem (1.3.4) by the factor (-1/p). Since differential of Problem 
(1.3.4) is inexact whereas that of Problem (1.3.5) is exact, it is obvious that (-L/p) 
is an integrating factor. 


The mathematical formulation of the first and second laws of thermodynamics 
is based on the construction of exact differentials from inexact ones. Thus the 
first law postulates that even though dq, the heat exchanged by a system, and dw, 
the work involved in the system, are individually inexact differentials, but the 
sum of these two (i.e. dg + dw = dU) is an exact differential. This constitutes 
a definition of the intemal energy U. The second law postulates that 1/T is an 


integrating factor for dq,,,. Thus dS = dq,,,/T is exact, which defines the state 
function entropy S. 


| 
| 
| 
| 
| 
P 
Я 
H 
H 
| 
r 
: 
H 
H 
| 
| 
i 
) 


J S 1 "ro fA KL i ihe. n Mete ы a STAD e n SR edP а 
—— ET Е" "m 


Le 
Tr 


тұ. 
VA 


We 


t 
ERALA PER e m Iri ram ne BERI n Mte Dp Ra ETAG Ya чыи NERA E ie netaa done 


Legendre 
Transformation 


Problem 1.3.9 


Solution 
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The principle of Legendre transformation can be used to modify a differential 


expression so as to change its independent variables. For example, take the 


following exact differential expression: 


dF(x, y) = Му, y) dx + Nx, y) dy (1.3.46) 
Let a function ф Бе defined as 
ġp=F-Me | (1.3.47) 


Its differential is given by 
d$ = dF-Mdx-xdM 
Substituting dF from Eq. (1.3.46), we get 
dó = N dy -x dM (1.3.48) 


ln ' 

The differential is appropriate for a function = f(y, M). In transforming a 
function of x and y into a function of M and y, the independent variable x and the 
corresponding coefficient M have thereby exchange roles with the change of sign. 
Pairs of variables which can be interchanged by a Legendre transformation such 
as M and x or N and y are said to be -conjugate to one another. The prescription for 
one of these transformations is given by Eq. (1.3.47) in which a new function is 
defined by subtracting from the original one the appropriate product of conjugate 
variables. : | А 

The most important application of Legendre transformations in thermodynamics 


is based upon the differential relation obtained by union of the first and second 
laws: | 


dU=TdS-pdv —— (13.49) 
The three possible transformations of this relation are | 

АН = T dS + V dp 

d4=-SdT-pdV 

dG =-SdT+Vdp 
where H-U*pV; A=U-TS; andG=U+ pV-T8-A* pV 


From the following thermodynamic relation 


G=H-TS; H-U*pV; dg.,=TdS; dU-dq,,-pdV 


rev 


| av) (as 
Show that, (0007), =-S; (@Gp)p=V and | =- 
р T 


aT p 
We start with 
G= H-TS 
Since H =U + pV , therefore 
G= U+ pV—-TS 


Differential of this expression is на 
dG = dU + p dV + Vdp- Td$- S dT 


җе, 
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Now . TdS = 44, = dU +p dV, . therefore TO Wang 
dG -Vdp-SdT Fgm a - . (1350) 


Thus, we establish that G is à function of T and p. Moreover since G is a state function, 
therefore, we have 


eee ыа 


Comparing Eqs (1.3.50) and (1.3.51), we get 


E = @- 


Applying Euler’ 5 reciprocity relation- to Eq. (I 3.50), we get- 
OR (S. 
oT Ap], 
Problem 1.3.10 From the Wem "ee relations 
| А= 0-15 4, = T dS; dU = dq, - p dV 


show that 
cn Gs) 
Solution Since A = U- TS, we get 
d4 = dU-TdS-SdT | 
Now T dS = dq, = dU + DV therefore 
dA = -p dV-SdT | (1.3.52) 


Thus, we establish that A is a function of T and V Moreover, since A is a state function. 
Therefore, we have . 


! ad JA 
j dm E 13.53 
(9) 9) ar (1333) 


Comparing Eqs (1.3.52) and (1.3.53), we obtain . 


' a) дА 
zh жиш and кыш ee 
Я E T 4 EJ 


Applying Euler's reciprocity relation to Eq. (1.3.52), we get 


Б 
07 Jy OV Jr 

E E DR ED ee 
Miscellaneous Problems 


Problem 1.3.11 Using the definition H = U + pV and, when necessary, obtaining conversion relationship 
by considering H (or U) as a function of any two of the variables р, V and Т, derive the 


\ 


AM MR. 
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=. = following relationships: 
[:3.50) | | 


\ 
H 
| 
| 
4 


о @ 48) 
Mud lar), (әт 12 lav JE AOT 
i P Н\ (dU) 1|, (0H 3 
. $ 1 — =| — : y- — 
5 — | ч E БЕ Е ДЕ 
a. {0H\ (9UY |, (3HY (or) 2) 
| e | Ga | (x IE 
" | Solution (i) Differentiating the given relation H =U + pV, we get 
| | dH =dU +p dV + Vdp 
| Taking H = f(T, p) and U = f(T, V) and replacing dH and dU in the above equation by 
| oH oH 
dT 
uis EJ! Є | т 
(8 ar (87) 
oT oV 
| —— (8H) ,. МЕ. ЖЕК, 7 
| һауе dT + dT dV + pdV +V — (1.3.84) 
| к | (e EJ i | i on 
| Dividing by dT, keeping p constant, we have 
| Gs Bu (E Д a 
| =>] =—| +H =|=] ta 
| oT), X0T;y \дЁЛл\9Т/„Ь TA 
| aH) (au (au) В i | 
3.52) | ў el (Fh > ic ar), Es 
EROR (ii) Dividing Eq. (1.3.54) by dT, keeping V constant, we have 
f EEEE 
3.53) a 97 Jp \ op Jr XOT oT у | XOT) 
| . | | 4 a | 5 E p \ ; 
| - VE uo a ye к (1356) 
; : Gr). E y | Ua д /, 
: 1 (iii) The cyclic rule for H = f(T, p) is 
| ( 
- E tal "S. 
(9 OT Jg X 0H 
Rearranging this in the form 
| 
— | | ap jr  Vop/gX0T /, 
| : and then substituting in Eq. (1.3.56), we have 
nship | | aH) (ди | (3 a Кә) 
Е — 2 1.3.57 
'e the a | el "ls. vi E ӘТ / ,\ др oT | i 


EDANDA N EAR AU: 
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Problem 1.3.12 Considering U as a function of any two of the variables р, V and Т, prove that 
NX 
oT /,\ op С Lav JA др T 
e GU 
др Т d y T dp T 


Solution (i) Taking U = f(T, p) we get 
ei du ðU 
dU = dT + 
| a d 
Dividing by dp and introducing the condition of constant V, we have 
‘GL GGG) 
др ӘТ ),\ Op Ју \ Op s | 
x) § (2) (=| | | 
or а р (1.3.58) - 
В] др jr 9T ),\ op Jy | 


Taking now U = f( p, V), we get 


д0 dU И 
dU = —| dV 
| 2 v 


Dividing by dp and introducing the condition of constant T, we have 


EERTE 


жо E ша 


Comparing Eq. (1.3.58) and Eq. (1.3.59), we have the required relation 


| 
| 
| 


Ihe SISSE MATRE i afd AES US A 


с CAES | 
oT) dp], W), op Jy i 
: (ii) Since U= ДТ, V), we get | | | 
= dU = H dra 4) V | 

| aT av | 


Dividing by dp and introducing the condition of constant temperature (dT = 0), we have 
aU - | e } 
др г \дУЛ\Ф 


Problem 1.3.13 Cubic expansion coefficient о (or expansivity in dioit also formerly known as coefficient 
| of thermal expansion) and isothermal compressibility, Kr (formerly known as compressibility 
factor) аге defined as: 


x M. 

o 

“ 1 

Ке 

Er 

i ийриле лнн А BLALUINUC ISIN OUS рл?" 
MEM 

ji 


l £4 І ЕА 
a= —| — ктЕ-— 
i V\ oT j, ©“ VA opr 
Show that 

: a | z) 4 (да (=) 

1 epu d . {—] 9 —— | =0 
о || ш |2) GT), 
| Мез? 
| Solution (i) Taking V= Др, T), we get | Е 
| dV = (s) (Z) ar | | 
1 др \ oT р | Í ` 
y | Dividing this by dT and introducing the constant volume condition, we have | 


- (5 3) 


M ƏV /oT | E 
that is | к. » а 20 Е (1.3.60а) 


да бла азаа dy A EI NRI HS ead ао e STUD Eas ALT ae A a DAGIAN 


3.58) oT (aV 79р), yk Kr 
(ii) Since V is a state function, and dV is an exact differential, using Euler's teciprocity - 
| relation, we have | 
| (5), “al, 
| oT {\ др p 9T, 
д 9 
j m ar^ en p” qu 
| Carrying out the differentiation, we get 
, =). ШАН фэ) . (а) 
i ER Tw 
1.3.59) | | Vor), (әт be "AC" 
| that is (2) {ж -- (92) - a | =-*L(ay)-“(-K,V)=0 
| | фр т ITJ, VOT), Vp y V 
: j (1.3.60b) 
| | Problem 1.3.14 Derive the expressions for @ and K for one mole of (i) an ideal gas and (ii) a van der Waals 
H | gas. 
\ Solution (i) For one mole of an ideal gas 
| | РЁ = RT 
| On differentiating, we get 
have | рі + V, dp =RdT (1.3.61) 
н Dividing by dT at constant р, we have 
ov, 
— А | oT | : 
ficient 
ibility that is a= 263 = R = 1 
Va\oT sp Vap Т 


чи, 
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| 
з 
\ 
Problem 1.3.15 


эшш Eq. (1.3.61) by an. at constant 7, we have 


(ue +V,,=0 or [А zin 
др jr (ah р 


_ dE pH 
: T 0 mea | [Phe neg 
| др VN PI P 


(ii) For one mole of a van der Waals gas 


| | КОЛ: ab | | 
or | Уо + —- рь – — = КТ 
"s p ү? 
or ph + aV, траф ~ а= yer 


Differentiation gives 


V3 dp +37? рау, +a dV, -Vib dp- ориу, =2V RT У + КаТ (1.3.62) 


Dividing Бу dT and introducing the condition of constant p (i.e. dp = 0), we have 


зү? (SB). de) -2 "a =2V „(а | +V2R 
aT oT oT дТ ), 


| ПА | o h S 
Therefore aT ; 3y2 pt a- 2p Vab T „АТ 


ESETA R R 
x t a Эз V 3 -20b-2RT V. A, 20b 
d E E 


Dividing Eq. (1.3.62) by dp and introducing the condition of constant temperature, we have 


ДЕ ТАЕ | {Жа}. “ab 2 Pia) =2V (Ss Ta) 
dp dp dp др 


Therefore ic |. : ж A V, (b - V.) 
: др}; 3pV2*a-2pV,b- XV, RT ЁЁ ск 
m Vn 


Taking V as a state function, derive the equation of state for which 
(i) V=k,/p, keeping T constant and V = kT, keeping p constant 
(ii) а= (И ay TV and ку = 3 (V — a)4pV, where a is constant 


PSTN PRE Y AS REP CN Oee REM IR STRE RAE RS retient UU TE CANGE TT II артур ОАА ЕО PENS SIONS PETE BG I RE E RT a TE a Е РНЕ ВАР MT SE TON ee 


ARTES ts 


ширак ууата css уак з t CURSO is SE mt UA MID AN ГД! 


PRET SARAP UE EE SE UME AH со 


Solution 


1.3.62) 


'e have 


T 
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(i) Since V = k,/p for constant temperature, from where we can get 


oV kh p V 
E т, 


(p, p p p 
Also V = k;T for constant pressure, from where we can get 
f z) zal 
rh T 


Since V = f( p, T), therefore - 


E ov | 
| dV = + — 4 dT 
| Ф (S P 
Sobtining the values of @ Vp)r and (9 V/0T),, We get 
dy- -— T + Lar 


Dividing by V and rearranging, we get 
Wy dT 


V p Т 


Integrating the above expression we get 


ise) О 


or Es = pi = constant or pV =RT (where R is a constant) 
ij ë 4 


Gi) Taking V = fp, T) we have 


Replacing (9V/ðp)r and {9V/ðT), in terms of ку and 0, respectively, we have 
_ dV - -Vk,dp + VordT 
Substituting the expressions of & and ку, we get 


"e = 
dV= - “ve 
шу Т у“ 
шс on „ы gives 
Ee С 
V-a 4p T 


Integrating both sides, we get 


( ! 
= ат а[®& + 2) ог 840-9 а 
h-a] 4 An 1 M-a- f 


MAey _ 3/4 
ог. nad. Bes. = constant or p" y- -а) = АТ; 
| i i | (where A 1s constant) 
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Homogeneous A function f(x, y, ...) is said to'be a homogeneous function of degree л if the 
Functions following condition is satisfied: | 
| f(x, dy,. ak f y.) (1.3.63) 
where Л is an arbitrary parameter and л has a constant integer value. Take, for 
example 


(i) fix, y) = ax + by 
which as a homogeneous function is 
| Is, Ay) = a(x) + Ny) = Max + by) = Af(x, y) 
о Gi) fle y) cad + bay + oy? 
| | which yields . | 
| Дх, Ay) = ad? + bAx\(Ay) + cy 
=P (ac + by + o) = X fis y) 


If n = 0, we have a homogeneous function of zero degree; for л = 1, homogeneous 
function is of the first degree, etc. 


Degree of Intensive All functions of zero degree with respect to the amounts of substances are intensive : 
and Extensive variables whereas those of the first degree are extensive variables. | 
Variables 


Take, for example, an ideal binary liquid solution of benzene and toluene. The 
total volume of the solution is given by | 


Ven, + n, (1.3.64) · 
Where n, and n, are the amounts of benzene and toluene, respectively, and Й, and 


V, are their respective molar volumes. Suppose that the values of n, and n, are 
doubles, then the total volume will be given by 


V' = Ол, + Qn) = 2n Vy + nV) -2V 
Since the exponent of the parameter 2 is 1, therefore, volume of a solution is | 
а homogeneous function of the first degree with respect to the amounts of its | 
constituents. The relation as given in Eq. (1.3.64) is true not only for ideal solutions - | 
but also for nonideal solutions. However, for the latter, partial molar volumes | 
А should be used instead of the molar volumes of the рше components (see also 
: | Eq. 1.3.66). | 
Euler's Theorem Ifa function is homogeneous of degree л, according to Euler's theorem, it should 
satisfy the following relation - 


i 


The Euler's theorem can be proved as follows. 


| 


E 


ZH +e =n f(x yy) (1.3.65) 


Differentiating Eq. (1.3.63) with respect to A, we get 


df (x, Ду) _ 41А" J (х,у, ЭЎ] 


di Бег] 


EE 
i x 
ue——————Q————— —— Д от а Аа Ш, ERENT Ec ЛК АНЫ ALE RS 


if the 


3.63) 


e, for 


neous 
ansive 
». The 


3.64) 
^, and 
n, are 


ion is 
of its 
utions 
lumes 


e also 


Боша 


3.65) 


FEX сет PUO: ceed AE LU 


ЧЛ Tae ESTE MELOS NNSA SR SUSAN 


аллдым Фал ELEY HIT d aen 


"ачтар P IVA a C 


DUREE SANE Me ML AIR RATT RAUS A ASRS ctt 


SESE RAMOS (ИП vct eoe ATM inet AION an AD etre ste Pts e HEURE VLA LITT Cuota sl A Dom YD TAa. MORES ESI AN ge teint oa dig 


Г о анз 29 
4 [3 | e) | af | 905) 4 
е. ——— jl 4 EL 
И E pa 9А 1 Ay) Ec. ài r9 d 
Simplifying this, we get | 
fd) = 


1 у | И 
(4х), (Ар) 


For the special case where A = 1, we get 


Ec "wu 


which is the Euler’s theorem. 


. Applying the Euler's theorem to the volume function, which is of the first degree 
in respect to the amounts of the constituents, we have 


ду \ ду | 
V=n | — а 5 ыз . (1366 
Е | п... DES , Е | | 


Thus, the total volume of а solution of known composition (i. e. ny Ny, ... are 
known) i is the sum of the products of the amount of each component with the б 
of the plot of V versus n at the given amount of the component in the solution, 
when the amounts of all other components of the solution are kept constant 


1.4 IUPAC CONVENTIONS OF WORK AND HEAT 


According to TUPAC” convention, heat absorbed by the system is regarded as the 
positive quantity whereas the heat released by the system is regarded as the negative 
quantity. Conversely speaking, if the numerical value of the heat is positive, it is 
absorbed by the system and if it is negative, the heat is released by the system. We 
j may spell 4 as the heat involved instead of specifically mentioning the phrase ‘heat 
| absorbed by the system" or *heat released by the system". The numerical value of 
q will automatically imply either of these two phrases. To be more specific, the 
following alternative statements bringing out the same sense may be noted down. 


(i) Heat involved = 20M 
Heat absorbed by the system = 20]. 
Heat released by the system - = 200 
(i) Heat involved = -20kJ | 
Heat absorbed by the system = -20k 


Heat released by the system 20 lj 


Í The slope (дӨп) is known as the partial molar volume of the said component. See also 
Section. 6.1. | 
* Intemational Union of Pure and Applied Chemistry. 


\ 
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For work, the IUPAC convention is to take the work done on the system as the 
positive quantity whereas the work done by the system is taken as the negative 
quantity. Conversely speaking, if the numerical value of work is positive, it implies 
that the work is done on the system and if it carries a negative sign, it implies that 
the work is done by the system. We may spell w as the work involved instead of 
specifically mentioning the phrase ‘work done on the system’ or ‘work done by 
the system’. The numerical value of w will automatically imply either of these two 
phrases. To be more specific, the following alternative statements bringing out the 
same sense may be noted down. 


- (i) Work involved . = 20k) 
Work done on the system = - 20 KI 
Work done by the system = -20 kJ 

(ii) Work involved = -20K) 
Work done on the system = —20KJ 

‘Work бопе by the system = 200 


Another convention (non-IUPAC) which was in use earlier assigns a negative 
sign to the work done on the system and a positive sign to work done by the system. : 


The IUPAC convention puts energy and work on the same footing. The work done: 
on the system, like heat added to the system, increases the internal energy of the 
system and thus is assigned a positive sign. The treatment followed in the text is 


based on IUPAC convention and can be converted to the non-IUPAC convention 


by replacing w by -w and the phrases like maximum, minimum, greater than 
and lesser than by their opposite phrases, i.e. minimum, maximum, lesser than 
and greater than, respectively. The above replacements do not affect the defining 
equations of thermodynamic functions. 


1.5 WORK INVOLVED IN EXPANSION AND COMPRESSION PROCESSES 


N 


Essential Criterion 
of Expansion/ 
Compression 


In most thermodynamic calculations we will be dealing with the evaluation of work 
involved in the expansion or compression of gases. If the volume of the system is 
increased against some pressure (constant or varying), then the work is done by 
the system on the surroundings (or the work is produced) and is, by convention, . 

given a negative sign. On the other hand, if the volume of the system is decreased, 

then the work is done by the surroundings on the system (or the work is destroyed). 
and is given a positive sign. 

The essential criterion of expansion/compression is that there should exist a 
difference between the internal pressure of the system and the external pressure. 
Suppose a gas is contained in a cylinder fitted with a piston. The latter is assumed 
to be weightless and frictionless. The piston can be held anywhere against a set of 
stops. Let the piston be initially held at stops S, (Fig. 1.5.1). If the stops are now 
removed, then the position of the piston will be decided by the external pressure 
which can be controlled by putting different masses on the piston. If m 1 the mass 
that is put on. the piston, then the force F шш. downwards is 


| F= mg 
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Fig. 1.5.1 Process of 
expansion of a gas 


Mathematical 


Expression of Work 
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{ 


and the pressure acting downwards 


F тё 
Dat^ уу у : 
A A : | Ros | 
where A is the area of cross-section of the piston. 


If the external pressure is greater than the internal pressure of the system, the 


piston moves downward. The volume of the system will decrease and it continues 


to decrease till the external pressure becomes equal to the internal pressure of the 
system. If the external pressure is smaller than the internal pressure, the piston 
moves upward resulting in expansion. Again, the volume will continue to increase 
{Ш the external pressure becomes equal to the internal pressure. We can stop the 
expansion or compression in between by providing a set of stops at that stage. 
During the process of expansion or compression, we can change the external 
pressure. Thus, the process can be achieved either in one-stage or in multistage. 
In the latter, the external pressure may be different in each stage. 


By definition, the work involved is given by: 
W = — (External force) (Distance through which piston moves) 


or w=- к (Area of cross-section of 
Area of cross-section of piston | 
piston) x (Distance through which piston moves) 
or w= -Pa dV | | (1.5.1)! 
where AV is the change in volume of the system. If the piston moves by an 
infinitesimal amount, the work involved 15 given by 


dw = -Peg dV 


The negative sign in Eq. (1.5.1) is due:to the IUPAC convention. In expansion (work 


is done by the system), AV has a positive value and thus work carry a negative sign. In 
compression (work is done on the system), AV has а negative value and thus work carry a 
positive sign. 


i 
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The total work involved during the change of volume from V’ to V"can be obtained 
by integrating the above р 


= „=-[„ Pos dV 
It Pex remains constant during the volume change, then | 
ES = Peay =K) (1.5.2) 
It can be seen that, if V" > V' then w is negative and if V" < V’ then w is 
positive, i.e. if w is negative it automatically implies that expansion has taken place 
and that work is done by the system on the surroundings, and if w is positive, 
compression has taken place and work is done by the surroundings on the system. 
Tf the expansion or compression is done in many stages, the total work involved 
is equal to the sum of the work involved in each stage, i.e. 
Woa Mp TW Tos | 
= (Pat (- n + [2a (Vs Р) + + (1.5.3) 


Graphical Representation of Isothermal Expansion of a gas 


Expansion in 
One Stage 


Fig. 1.5.2 Expansion 
of a gas against a 
constant pressure 


N 


The work involved during the expansion or compression can be represented by 


the graphs drawn between p and V 


Let an isothermal expansion take place from V” to y" against a constant external 


pressure Pep and let p and p" be the respective pressures of the system at these — 
two stages. The magnitude of the work involved is given by the shaded area in - 


the p — V diagram (Fig. 1.5. 2). 


р, V' Initial state 


| p", V" final state 
р ext^ 


y' Ve 
y—— 


Note that the external pressure has to satisfy the following condition for 7 


expansion 
^H 
Pex SP 


It рь, < p" the piston can be stopped Бу a set of stops and when Peu = p”, it 
will stop automatically at the final state. Thus, we can see that the magnitude of 


the work involved during the expansion can vary and the range of magnitude of 


the work involved will be 
0< Iw, | <p (V" -V’) | (1.5.4) 
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It will be zero when the external pressure is zero (free expansion) and will be 
. maximum when the external езш 1$ is to the pressure of the system at. the 


final state. | 
Expansion in If the above expansion is done in many ides the magnitude of the work involved 
Two Stages will be more than that involved in the one-stage expansion. This is evident from 


the graph in Fig. 1.5.3 where the magnitude of the work involved in a two-stage 
expansion is shown by the shaded area. 


| р"! 


р ext 


" 
Рек | 


D о 
(s ХХ 
Fig. 1.5.3 Expansion | | 
in two stages ^ | ' УШШ 


Ne E 
| mono 
Expansion in If the expansion is aes. out involving larger number of stages and if each stage 
Multistages involves a constant external pressure of 


Pext 7 Pint ^ Ap 
then the magnitude of the work involved will be given by 


w= Ma -ApXAD) 
ы! 


with Po= р, Рр and — p= pi Ар; 

This work will be equal to the shaded area of Fig. 1.5.4. It is obvious that the 
magnitude of ће work involved in this case is > much larger than i in the case of a 
one-stage or a two-stage expansion. 
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Expansion in 
Infinite Stages 


Fig. 4.5.5 Expansion 
involving infinite 
number of stages 


The magnitude of the work involved goes ‘on increasing as Ap, becomes smaller 
and smaller. In the limit when Ap; — 0 the magnitude of the work involved will 
have a maximum value. In this case 


Pext = Pint = р 
and the magnitude of the work involved is given by 


Op" ри" NE ae | 
l= [, Ped! =|, (Ра 4) =, pud? (155) 


The second integral of Eq. (1.5.5) has been ignored since it involves the product 
of two infinitesimally small values. For an ideal gas, the above integral can be 
evaluated directly since 


: nRT 
Быз 
| int y 
| | : V" | y" | 
w= | ORT dV = nRT In — (1.5.6) 
е. Sy V V l 


The magnitude of the work involved in this case will be the area under the isothermal | 
curve shown in Fig. 1.5.5 and it will be the maximum work that can be obtained ` 


by the system during the expansion from volume V" to V". 


yos 


Graphical Representation of Isothermal Compression of a Gas 


Compression in 
One Stage 


In compression processes, the essential condition which should be fulfilled is that 


the external pressure must be larger than the internal pressure of the gas. If the — 


compression is being done from p”, V" to р’, V’ in one stage, the minimum value 
of external pressure should be p’. If the external pressure is greater than this, the 
desired compression can be achieved by arresting the position of the piston by a 
set of stops. Thus, the work involved in киш the gas from p", V" to p', V’ 
against the external pressure p' is 


TN ias dV = -p(V' _ y^) 
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. Its value is equal to the area of the shaded rectangle in F ig. 1.5.6. If we use larger 


external pressure the surroundings do more work in bringing about the desired 
compression. | 


Fig. 1.5.6 Compression in 


one stage 
Compression in If the compression is done in many stages, lesser amount of work is done by the 
Two Stages surroundings. For example, in a two-stage compression with external pressures 


p” and p'. The work involved is given by 
w= ape + ү”) рр" Е y" 


Its value is shown by the shaded area of Fig. 1.5.7. 


| \ vee 


ара, 


р", y" 


Fig. 1.5.7 Compression in 


(о stages y' T y" 
—— 
Compression in If the compression is done in multistages, still lesser and lesser work is involved. 
Multistages If at any stage of compression 
Doi = Pin + AP (1.5.7) 


the expression for the work is 


у= -| Pext dV = -$ (р +Ар ХАЙ) 


izl 


i 
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Fig. 1.5.8 Compresionin = | E 


many stages 


Compression in 
Infinite Stages 


Fig. 1.5.9 Compression involving 


‘infinite number of stages 


With py =p", p, =p and p; = p;. + Ар, The va 
shaded area of Fig. 1.5.8. 


If the number of stages of compression is infinite, then Ap, — 0 and the external pressure 
at any stage of compression is given by 


Pext = Pint + dp 
The work involved will be given by 


"ON d v ү' 
w= -|„Ры%/=-|„(ри+Чр}йУ=| рф (15® 


Неге again the second integral of Eq. (1.5.8) is ignored because it involves the 


product of two infinitesimally small values, Equation (1.5.8) can be evaluated for an ideal 
gas, for which р = nRT/V, and therefore, we have | 


whose value is equal to the area under the isothermal curve shown in Fig. 1.5.9. 


This represents the limiting minimum value of the work done by the surrounding 
on the system. 
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The above analysis very clearly indicates that work is not a state function, since 
its value depends on the path which has been followed in order to achieve the 
required expansion or compression. 


1.6 REVERSIBLE AND IRREVERSIBLE PROCESSES 


Characteristics of . 
Reversible Process 


Characteristics 
of Irreversible 
Process 


The changes ofa System from one state to. another may occur either in a reversible 
or in an irreversible way. | 


The reversible processes are characterized by the fact that when the system is 
restored to its original state by traversing the forward sequence of steps in the reverse order, 
then not only the system but also the surroundings are restored to their original states. 

"Таке, for example, the limiting multistage isothermal expansion of an ideal gas 
from volume P, to У, involving an infinite number of steps. As seen earlier, the work involved 
{actually the work is done by the system on surroundings) is given by 


д ph | 
Wexp = -nRT In y (16.1) 

Let the system be now restored to its initial volume V, by following again the 
limiting multistage isothermal compression involving infinite number of steps (1.е. 
the forward sequence of steps is being reversed), then the work involved (actually 
the work is done by the surroundings on the system) is given by 


ү 
Woon = -nRT 1n "3 ! (16.2) 


comp 
2 


The net work involved in the above two processes (cyclic process) is 


Wore = Warn + Won =O (1.6.3) 


cyc exp comp 
that is, whatever work has been done by the system on the surroundings during 
expansion is nullified by the work done by the surrounding on the system during 
compression and thus no net work effect is produced. Thus in the above example, 
besides the system, surroundings are also restored to their initial states and hence 


the above process is reversible in nature. 


Hence, the criterion of reversibility 1s 


фи, = (1.6.4) 
In an irreversible process, the cyclic integral of work is not zero, i.e. 
Pwy #0 | (1.6.5) 


One of the examples of irreversible process is a single-stage expansion (or multistage 
expansion involving a finite number of steps) and then bringing the system beck to 
its original state by following a single-stage compression (or multistage compression 
involving a finite number of steps) in the reverse order. In a single-stage process, 
we have 
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Work involved during expansion, Wexp = ~ P3 (V; - Vi) (1.6.6) 
Work involved during compression, Vg --p (V, - Vj) .. (16.7) 
The net work involved is | | BE 
| Wexp * Weomp 7 ~ P2 (= И) + (- pi (й - 21 О | 
= (p-p) Va - V) (1.6.8) 


Pro. 
Since ру > p, and V, > V, therefore, the network involved is positive. This means 
that the surroundings have to do móre work in bringing the system black to the 
original state than the work done by the system during expansion. Thus, we see Sol 


that here Wey, # 9 and, therefore, the process is irreversible in nature. 


Operation of a In a reversible process, at any stage, the external condition responsible for the. 

Reversible Process process to occur differs from the internal condition by an infinitesimal amount. For 
- example, during expansion or compression рь, = Pini + dp and the corresponding 
change in volume of the system is also infinitesimally small. During this stage, 
the internal equilibrium is disturbed only infinitesimally and in the limit it is not 
disturbed at all. Thus, virtually, the system always remains in the equilibrium state 
during the process. Another example of reversible process is the heat exchanges 
between the system and the surroundings when the temperature of the latter 
differs from that of the former by an infinitesimal amount, i.e. T yr Seed. 
Obviously, a reversible process cannot be conducted in actual practice because 
the external condition has to differ from the internal condition by an infinitesimal 
amount and moreover, even if it is possible to monitor this, an infinite time would 
be required to complete the process. Thus, reversible processes are not real but 
only ideal which can be carried out only theoretically. Nevertheless, they are very 
important as they give the limit of the effect, whether maximum or minimum, that 
can be produced. Although reversible processes cannot be carried out, the goal of 
reversibility can be approached by adjusting the conditions with patience and skill 
to those of reversible processes. — 


Operation ofan Ап irreversible process is one which occurs suddenly or spontaneously without 
Irreversible Process the restrictions of occurring in successive stages of infinitesimal quantities. The 
| ! System need not remain in equilibrium during the. process. Examples are the 
sudden expansion of gases, the heating of water in а beaker over a Bunsen flame, 
the dissolution of sugar, the flow of water from a higher to lower level, etc. In the 
above examples properties may not be uniform throughout the system, e.g., during 
heating, water near the bottom of the beaker will have a higher temperature and 
during dissolution of sugar, the concentration of the solution immediately in contact 
with the sugar will be higher. The fundamental characteristic of any irreversible 
process is that more work is done by the surroundings in bringing the system back 
to its original stage than by the system during the forward direction. Thus, if a 
system is kept at a constant temperature and subjected to a cyclic transformation 
by an irreversible process, a net amount of work is done by the surroundings. This 
Is, in fact, a statement of second law of thermodynamics. The greatest work effect 
that can be produced is in the reversible process, and, as given by Eq. (1.6.8), it : 
iS Wy, = 0. Therefore, we cannot expect to реа positive amount of work in the | 
surroundings for cyclic transformation of a system kept at a constant temperature. 
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Solution 
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Irreversible processes can be completed in a finite time and can be carried out in 
actual practice. Therefore, irreversible processes are real processes. All spontaneous 
transformations which occur in nature are real processes and hence also irreversible 


Show mathematically that the magnitude of the work involved in a reversible expansion of 
an ideal gas from volume V, and V; is larger than the corresponding work involved in an 


‘irreversible expansion against a constant pressure of p,. 


We have the relation 


] wed = MRT in а (1.6.9) 
: 1 


ble) 


Expanding the logarithmic term, we have 


Hc 


TNI - nRT (2 - | higher an = ш (V, – И) + higher terms 
| | ' 


= p,(V, – Vj) + higher terms : 
and [Wil = P- Vi) ! (1.6.10) 
|- [Win] = (Pi = V) + higher terms; - pX(V, - V.) 
= (V, - V) (p, — р) + higher terms 


Therefore — [w,, 


Since, in expansion V, > V, and p, > p, therefore 

| Wey | — | Wig | = positive 
that is, the magnitude of the work involved in a reversible expansion is larger than the 
corresponding work involved in an irreversible expansion. 


REVISIONARY PROBLEMS 


1.1 Explain, with examples, the following terms: 
(i) System (closed, open and isolated); (i) Surroundings; (ш) Boundary 
{iv) State variables (intensive and extensive); 
(v) Process (isothermal, adiabatic, isobaric, isochoric, cyclic and quasi-static); 
(vi) Reversible and irreversible paths. 
1.2 What are intensive and extensive variables? Classify the following into intensive and 
extensive variables: 
(i) energy, (ii) dipole moment, (iii) refractive index, (iv) viscosity, (v) volume, (vi) 
density, (уп) surface tension, (viii) molar volume, (1x) kinetic energy, (x) heat capacity, 
(xi) temperature, (xil) gas constant, (xiii) critical density, (xiv) specific heat capacity, 
(xv) vapour pressure, (xvi) internal energy, (xvii) enthalpy, (xviii) entropy, (xix) free 
energy, and (xx) chemical potential. 
1.3 (а) What do you understand by ‘exact and inexact differentials’? 
(b) State the Euler's reciprocity relation for an exact differential. 
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(с). What are state functions? Do the state functions have exact differentials? 
(d) Test the following differential expressions for exactness: 


(0 d= «y)dx*2wdy — (i) d$ = ф-ту 


up dese dp - RdT 
(P 


(e) What is an integrating factor? Determine the integrating factors for the following 
differentials. 


Л Л Шоп ВАТ 
| p 


(f) What is a cyclic rule? Derive this rule for a function Z = f(x, y). 
(g) Show that the volume of the following equations is a state function: 
(i) Ideal gas equation 
(ii) Real gas at low pressure for which van der Waals equation reduces to 


P 
| p n -nRT 
1.4. An arbitrary variable ф is found to have the following relationship 
dó = S - RdT 
p 


Are the following statements correct? Justify your answers. 
(a) @ is a state function 
(b) dọ is an exact differential 


(c) $d$«0 
(d). It is possible to write down 6 explicitly in terms of T and p as the independent 
variables, i.e. ф = f(T, р). 
1.5 What is the Legendre transformation? Given the relation 
dU = Td$-pdV 
transform this to 
(i) dH = TdS+Vdp (i) dA =-SdT-pdV 

(iii) dGG=-SdT+Vdp — 

What functional relations Н, A and G will have with U? 
1.6 (a) From the following thermodynamic relations 

G=H-TS; H=U+ pV; dg=TdS, dU = dq -p dV 
Show that 


‚ (2G) an (8G) , an (OV) (аз 
(1) ав) oS (ii) aU (ш) EJ el 


(b) From the following thermodynamic relations 
A-U-TS; dg-TdS dU-dg-pdV 


wing 


ndent 
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- Show that 


® = eres e ( (2) 


(a) Using the definition H = U + pV, and, wherever necessary, obtaining conversion 


. relationships by considering Н (or U ) as a function of any two variables amongst p, 


1.8 


1.10 


V and T, derive the following relationships: 


o ЧУ) 


» (бу ж 


ЕК rh, (а) 


(a) For p = К T) and V = f(p, T), derive the following cyclic rule: 


не | 


(b) Test the validity of the above equation using 


(1) pV = nRT (н) [ + "ny -nRT 


(a) What are cubic expansion coefficient @ and isothermal compressibility factor Kc? 
Show that 


"EN! x di) E (n > 
? 


(b) Derive the expressions for ку and æ for (i) an ideal gas and (1i) a van der Waals 
gas. | 


Starting from V as a state function derive the eqution of state for which 


(i) V= kp, keeping T constant, and V = k,T, keeping p constant. 


(i) а= а. and Kr = 00 ‚ Where a is constant. 
TV 4pV 


1 (a) What do you understand by the term ‘homogeneous function of the nth degree’? 


Show that ‘a homogeneous function of zero degree with respect to the amounts 
of substances is an intensive variable while that of the first degree is an extensive 
variable’. 


(b) State Euler’s theorem as applicable to homogeneous function. Give its proof. 
(c) If we write, for a system containing more than one component 


V= f(n,,m,...) 


then, using Euler’s theorem, show that 


9V 
y= dt I 
T,p,nj(j #1) 


42 А Textbook of Physical Chemistry 


1.12 What is the work of expansion or compression? Show that: 
(a) The magnitude of the work involved during a multistage expansion is larger than 
that involved during a single-stage expansion. 


(b) The magnitude of the work involved during expansion is maximum if the process 
_ is quasi-static. 


(с) The work involved during a multistage compression is smaller than that involved 

in a single-stage compression. 

(d) Work involved during compression is minimum if the process is quasi-static. 
1.13 (a) Let the given system of an ideal gas be expanded isothermally from p,, V; to p, 

V, following a single-stage expansion. What should the external pressure be so that 

the work done by the system is maximum? What is the amount of work? 

(b) Now, suppose that the system is to be restored isothermally to ру, V, following 

a single-stage compression. What should the external pressure be so that the work 

done by the surroundings is minimum? What is the amount of work? 


(c) Will there by any difference in the work involved in steps (a) and (b)? if so, why? 


1.14. Suppose the work of expansion and compression in Question 1.13 is carried out quasi- 


statically. Show that ‘the net work that can be obtained by the system in the above 
cyclic process is zero, i.e. the maximum amount of the work that can be obtained by 
a system if its temperature is to be kept constant is zero. If the above cyclic process 
is not carried out quasi-statically, then the amount of work that can be obtained by 
system 1 is negative, i.e. there is a net work that is destroyed’. 

1.15. Comment on the following: 
(a) All natural processes (i.e. spontaneous processes) are irreversible in nature. 


(b) Reversible processes are an ideal conception and can be carried out only 
theoretically. 


(c) Ina reversible cyclic process, not only the system but also the surroundings are 
restored to their initial states. 


TRY YOURSELF PROBLEMS 


1.1 Given that 
z=arytby tay 
{ where a, Ь, с are constants. Show that 
(i) dz is an exact differential and z is a state function. 


| | dx » 
--] 
; @ E | S) [© Я 
ч (ii) dz =0 
1.2 Given that 
dq = dU + p dV 
(a) Assuming U = f(T, V), show that 


e (oed 


Following Euler's reciprocity condition, show that dg is an inexact differential. 

(b) Assuming that for an ideal gas (QU/0V), is zero, show that //T is an integrating 
factor of the equation dq = dU + p dV 

(Hint: See Sections 2.3 and 4.12.) 
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1.3 Given that и = f(x, y) where.x and y are themselves functions of s and t, i.e. - 
х= A f) and y = f(s, t). Show that 


(ІБ 
ta) Go) 58) = 


о v is also a function of x and у. 
1.4 а) Given A as a function of any two of the variable B, C and D, prove that 


eh), a a 


45) Given ti the function S = f(T, p), show that 
PADs =- (0591), KAS!) 
(c) Given the function of S = f(T, p) and p = f(T. V), show that 


ЕБ ЕЖЕ | 
\OT Jy Gr], др jJ; «0T | 
(d) If G is a function of p, V and T, prove that 

(9G/0p), = (IGAV), (дИдр)у + (67р), 


(е) Show that the function Z = pV is a state function. 


1.5 Acylinder with a movable piston contains the amount n of an ideal gas. Cond the 
path indicated in the following diagram. 


(a) Develop an expression in terms of p,, V}, p, and V, for the work that is carried out 
quasi-statically over the cyclic path, i.e. process going from a to b to c and back to a. 
(b) What relation does the area of the triangle has to the magnitude of this work? 

1.6 (a) An ideal gas undergoes a single-stage expansion against a constant opposing 
pressure from ру, V}, T to p, V, T. What is the largest mass m which can be lifted 
through a height Л in this expansion? . 


(b) The system in (a) is restored to its initial state by a single-stage compression. What 
is the smallest mass m which must fall through the height А to restore the system? 
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(c) What is the net mass lowered through si h in the cyclic transformation in (a) 
and (b)? 


(d) If = = 10 cm, p, = 1 MPa, p, = 0.5 MPa, T = 300 K and one mole of the gas is 
involved, calculate the numerical values of the mass m required in (а) and (b). 


(Ans. (a) m = (nRT/gh (1 - pip: 6) л” = (ТУЕ) pps - D; 
(c) m -m =(nRT/gh) (p, — p) р, Py; (d) 1.27 Mg and 2.54 Mg) 


1.7 Explain which of the following processes аге reversible/irreversible: 
(а) One teaspoon of a salt is dissolved in water. 
(b) A gas is expanded into‘an evacuated vessel. | 
(c) Diffusion of a gas into another gas at constant T and p. 
(d) Two blocks of iron at different temperatures are brought into closer contact. 
(e) One mole of liquid water in equilibrium with its vapour at 100 °С and 0.1 MPa. 
(f) Vaporization of benzene into a vacuum at 60 °С. 
1.8 (a) Starting from V as a state function, derive the equation of state for a fluid which 
has an isothermal compressibility кт = K[1 + M (T — T;)] and a cubic expansion 


coefficient a = А[1 – Np], where K, M, А and N are all constants. Assume о and кт 
to be independent of T and p. 


(b) Show that for the above fluid AN = KM. 


(c) If the above fluid fills a container of constant volume at zero pressure at 273 K, 
calculate how much must the temperature be raised in order to increase the pressure 
to 10.132 5 MPa. Given that 


К = 2.487 х 104 МРаї — M= 2x 107K" 
Т= 213К . A-42x10* К 
М = 1.184 x 10? MPa” 


(Ans. n - = A (L- Np) (T-T) - IK - AN(T - Т) (P - p: 
i AT=T-T,=6.1K) 


Hint: Write dV in terms of dT and dp. Substitute (V/T), and (0V/0p); and integrate 
the resultant expression under the assumption that for a fluid p is йч of 


j temperature and vice versa.) 
1.9. (a) Show that 
^ Tr] 097 
oT y д Т 


can be written in the form 
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Test the following function for homogeneity and show w by direct test the. validity of 
Euler's théorem оп homogeneous ‘function. . 


2 3/2 у y 
os Ox ) 
fa ye DU 

y. ху!? 


(a) Show that, if the molar volume of a substance is a homogeneous function of zeroth 
degree in pressure and temperature, the energy of the substance must be a function 
of temperature only. 


(Hint: Using Euler’s theorem on homogeneous function; show that (9р/97); = 


_ /T. Write dU in terms of dT and dV and show that (dU/dV); is zero. Make use of 
thermodynamic equation of state (QU) = T (0p/0T), – p.) 


(b) Similarly, show that, if the pressure is a homogeneous function of zeroth degree 
with respect to volume and temperature, the enthalpy must be a function of temperature 


‘only. Make use of the equation © 


{oH) - 9V 
cesse 
EJ | el 


Taking U to be a function of T and V and l/T as an integrating factor of dg = dU + pay, 
derive the relation 


QU: A 
атре | 
(2) (2 d 


(Hint: Write the differential of U and substitute in the given relation dg = dU + p dV. 
Divide the resultant expression by T and apply the Euler' $ reciprocity relation. ‘See 
also Section 4.12.) 

Taking 77 to be a function of T and p and l/T as an integrating factor of dg =dH — V dp, 
derive the relation. | | 


(2-1-1) 
др }+ oT 

For an ideal gas, show that 1/T is an integrating factor for the relation dw = - p dV. 
(Hint: Write dV in terms of dT and dp. Substitute {9 V/T), and (9V/0p), from pV = RT 
and then substitute dV in the relation dw = — p dV. Divide by T and apply Euler's 
reciprocity relation.) | 

Using Euler's theorem on homogeneous function, show that the volume of an ideal 


gas is a homogeneous function of zeroth degree in pressure and temperature. 
For the differential dz = y dx — x dy, show that x” y" is the integrating factor provided 


p = Zeroth and First Laws of 
Thermodynamics 


2.1 ZEROTH LAW OF THERMODYNAMICS 


The zeroth law of thermodynamics, also known as the law of thermal equilibrium, 
ко was put forward much after the establishment of the first and second laws of 
E thermodynamics. Iti is placed before the first and second laws as it provides a logical 
basis for the concept of temperature of a system. The law states that 


Two systems in thermal equilibrium with a third system are also in internal 
equilibrium with each other 

According to this law, if systems A and B separately are in thermal equilibrium 
with another system C, then systems A and B will also be in thermal equilibrium 
with each other. In other words, if systems A and B are placed in contact with each 
other, no exchange of heat will take place. Recording of temperature of a system by a 
thermometer is also based on this law. When a thermometer is placed in the system, 
it comes to thermal equilibrium with the latter and thus records a constant value. 


22 FIRST LAW OF THERMODYNAMICS 


Establishment All experiences have shown that if a system is subjected to any cyclic transformation, 
of First Law of the sum of heat and work involved is zero, that is 
Thermodynamics | | 

фа +фф=0 or (dg + dw) =0 (2.2.1)! 


Thus, the cyclic integral of the quantity (dq + dw) is zero. This equation is a 
mathematical expression of the.first law of thermodynamics. 


Interpretation Let us represent: 
of First Law of | 
, Therodynamics q = $ dg and w- ddw 


From Eq. (2.2.1), if follows that for a system undergoing cyclic transformation 


Two cases may be distinguished. | 


1. Ifq is positive then w is negative. 


This implies that the net heat absorbed oy the system 1s equal to the net work 
done by the system. 


"The work involved may be of any type. For instance, it may be work of expansion or 


compresson of gases, work against a magnetic field or against a gravitational field or against 
an electrical field, etc.. 
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2. If q is negative then w is positive 

This implies that the heat released form the EU is Ses to the net work 
done on the system. | Е 
The fact that the cyclic integral expressed in Eq. {2.2.1) T€: for all уйе 
processes indicates that dg + dw is an exact differential, and therefore, is a 


. differential of a state function. We call this function the energy function (internal 


Change in Energy 
Function for a Finite 
Process 


j 
Change in Energy 


Function Under a 
Constant Volume 
Condition 

X, 


Law of | 
Conservation of 
Energy 


energy or intrinsic energy) and use the symbol U to represent the function. The 
differential of the energy is given by 


| dU-dqtdw — ^ 5 — (2.2.3) 


The energy function is a function of the state variables which are used to define 


- the system: For example, the energy fünction for one mole of a gas may be written 


as U = f(T, V) or U = f(T, p) or U = f(p, V). The value of the energy function 
for a given state is determined by the values assigned to the state variables. The 
function is determined only in terms of its differential, and the absolute value of. 
energy function for any given state of the system may not be precisely known. 


For a finite process, the difference between the values of energy function in two 
states can be determined by integrating dU as the latter is an exact differential. 
This difference is independent of the path followed in going form the initial to the 
final state: Thus, for a process | 


State À State B 


B B В 
we have fau = fag + | dw 
A A A 

Up-U,7q*w or AU=qtw (2.2.4) 
it may be noted that the values of both q and w depend upon the path followed 
in going form state A to state B, but the algebraic sum of these two quantities is 
independent of the path. This follows immediately from the fact that U is a state 
function. 
If a system can undergo only p-V work, then under the condition of constant volume 
we will have 

dw 7 - p,, dV = 0 
Hence, Eq. (2.2.3) reduces to 

dU = dq, (2.2.5) 
that is, when a system undergoes a change at constant volume condition, the heat 
involved merely changes it internal energy. To be specific, 


The heat absorbed (or released) by a system under constant volume condition 
increases (or decreases) its internal energy. 


For an isolated system, the values of both g and w are zero since no interaction 
of the system with the surroundings can take place. From Eq. (2.2.4) it follows 
that the value of AU must be zero for such a process. We, therefore, conclude that. 


the value of the energy function of an isolated system is constant. This is another 
statement of the first law and is known as the /aw of conservation of energy. No 


—(—Á—————— 
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matter what changes of state may occur in an isolated system, the value of the 
energy function is always a. constant. 


Denial of Perpetual For a cyclic process, AU = 0 since the system returns to its initial state. Thus, 
Motion Machine of according to Eq. (2.2.4), we have 2, 
First Kind q7-w | (. 26) 


One of the implications of Ей. (2.2.6) is that the heat absorbed by the system 
from the surroundings is equal to the-work done by the system on the surroundings. 
A perpetual motion machine of the first kind is one which would do work on the 
surroundings without absorbing an equivalent amount of heat. The first law denies 
the possibility of such a machine. 


2.3 MATHEMATICAL PROOF OF HEAT AND WORK BEING INEXACT FUNCTIONS 


Proof of. Heat Being According to the fis law 
an Inexact Function bs dU = di (23.1) 


If the work is restricted to pressure-volumë work performed quasi-statically, 
then dw = — р dV. With this Eq. (2.3.1) becomes 
dg=dU+paV — 032) 
Taking U as a function of temperature and volume, we write its differential as - 
dU = ЕЭ] +15) dT 
oV oT 
On substituting this Eq. (2.3.2), we have 
| m) (2) 
dV + +p dV 2.33 
ud Gr jr), PtP e 
Dividing this by dV and introducing the condition of constant T, we get 


HE 
E 1 = 77 Е +p (2.3.4) 


Similarly, on dividing by dT and introducing the condition of constant V, we get 
( a) (=) 0335) 
v y oT y z 


If @ is to be a state function, then according to Euler's reciprocity relation, 
we must have 


Б 96 


2 2 
294 |194 03.6 
дТдУ) (oV oT 
Evaluating these second differentials form Eqs (2.3.4) and (2.3.5), we get 
(2) zo i (2.3.7) 
OT OV) ЧТ Jy \ OV OT 


үн . r 
Ps aco Pet АДА" oe Uu deut рау ур аа КОЕБУ"? a TREY) а Шилу IT ГАЬА ICE AR TT i 
" ————— Ше ое ч T йы ia EE 
AU TA VA a S C y ' 
" | 


а | 
| 
| 


Proof of Work Being 
an Inexact Function 
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Since U is a state function, we have 
XU QU 
oT OV VT 
With this, Eq. (2.3.7) reduces to 


(др | Е | 
E: | 0 | (2.3.8) 


‘Equation (2.3.8) implies that the pressure of a system at constant volume is 
independent of temperature. When applied to ideal gases, we find that it is-contrary 
to Charles law, which states that at constant volume, the pressure of a fixed mass 
ofa gas is directly proportional to its kelvin temperature, i.e. 

peT 
or = p=KT 
Thus {0p/dT); = K and is not equal to zero as given by Eq. (2.3.8). Hence, the 


assumption that q is a state function must be wrong, and thus dq is an inexact 
differential. : 


We have . | 
uo | (0 039) 
Taking V as a function of T and p, we write its differential as p 
| ( aV) 


Mm E Wut ү 


Substituting this in Eq. (2.3.9), we get 


eee (z) ШЕ e| 


From this, we have 


02) З 19 (2.3.10) 
dp др | 

(aw) _ (aV) 
= 49), =? 269 МЮ 


If w is to be a state function, dw must be an exact differential, and then Euler’s 


reciprocity relation states that 


д» _ dw | (2.3.12) 
OT dp дрдТ 


Evaluating these second differentials form Eqs (2.3.10) and (2.3.11), we have 


2 2 
LP Ed z) (2.3.13) 


atop ? арәт \ӘГ), 


ы 
Я 
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Conditions for dq 
and dw to be Exact 
Differentials 


Since V is a state function, we get. 
oy ƏV 
OT dp дрдТ 


With this Eq. (2.3.7) reduces to 


д | 
eal ET | | (2.3.14) 


Equation (2.3.14) implies that the volume of a system at constant pressure is 
independent of temperature. When applied to ideal gases, we again find that it is 
contrary to Charles law which states that at constant pressure, the volume of a fixed. 
mass of a gas is directly proportional to its kelvin temperature, i.e. 


p«T 
Or р=КТ 


Thus (9V/dT)), = К and is not equal to zero as given by Eq. (2.3.14). Hence, the | 
assumption that w is a state function must be wrong and thus dw is an inexact — 


differential. 


If the work in Eq. (2.2.3) is restricted to pressure-volume work, the differential of : 
the work will be given by -p dV, where p is the external pressure against which : 
expansion is carried out and dV is the change in volume in an infinitesimal stage. · 


With this, Eq. (2.2.3) becomes 


dU = dg - p dV | | (2.3.15) 
For an adiabatic process dq = 0 and thus dU = -p dV. Hence, for this condition, 


the differential of work is exact. Similarly, for an isochoric process (i.e. when V 
is held constant), dw = — p dV = 0 and dU = dq, and thus; under this condition, 
the differential of heat becomes exact. 


24 CHANGE IN ENERGY FUNCTION WITH TEMPERATURE 


А 
4 


Experiences have shown that the energy for a closed system (i.e. when n is constant) 
can be written as a function of temperature and volume, i.e. U=/(T, V) and, therefore 


90 QU 
o gu gy 


Since for an isochoric process, dV = 0, therefore 


dU | 
dU = 3T dT (constant volume) (2.42) 


Also, for an isochoric process 
dU = dq, (2.4.3) 
Comparing Eqs (2.4.2) and (2.4.3), we get 
dU 


dU = dg, =  ) dT (244) 


|. 
bi 
i 
1 
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s 
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Problem 2.4.1 
Solution | 


Definition of Heat 
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or | | ГАС | (2.4.5) 


The heat capacity of a system is defined as the limit of (q/AT ) as AT goes to Zero and Is 
written as (dg/dT ), such that 


e(t) E 


Heat capacity is an extensive quantity as: the heat q required to raise: e the. temperature 
by AT depends upon the mass of the substance. The specific heat capatcity is the 


heat. capacity. per m mass of a substance and thus is an intensive quantity. It 
has the unit of J К! kg. The molar heat capacity is the heat capacity per unit 
amount of the substance and hence is also an intensive quantity. It is written as C, ` 
and has the unit of J K^! mot". Since dq is an inexact differential, therefore, heat 
capacity C is, in general, also path dependent. The following two heat capacities 
are commonly used, especially for gases. | 


(1) Heat capacity at constant volume (Jsochoric Process) 


dqy | 
Cy = — : (24. 
(ii) Heat capacity at constant pressure (Isobaric Process) 
dq, | 
E l ar | (24.8) 
Comparing Eq. (2.4.7) with Eq. (2.4.5), we find that for an isochoric process 
ег) | 
24.9 
Cy= (Z ( ) 
With this, Eq. (2.4.4) becomes T 
dU = dq, = Cy dT .* (240) 
For a finite change, we have | Я 
^ ff 
AU-q, = [°C AT (2.4.11) 
T, | 


If Cy is considered to be independent of temperature in the range T, to Т,, then 
AU 7 4,7 Cy AT (2.4.12) 

where AT is the change in temperature of the system and is equal to (T, — Т). If Cy 
is temperature dependent, and its dependence on temperature is known in the form 
of an analytic expression, then this expression can be substituted in Eq. (2.4.11) 


which on carrying out the integration gives the value of qy or AU. 


Prove that if (QU/0V )г = 0, it follows that (dU/dp); = 0 
Since U= ДТ, V), we have 


3U| (әр 
dT 
M E a. Qe 
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Dividing by dp and introducing the condition of constant temperature, we have 


СУБЕ 


Since (QU/9V),.— 0, therefore (9079р); —.0. 


2.5 -ENTHALPY FUNCTION 


Identification of 
Enthalpy F Function 


Most chemical processes which take place in a laboratory are carried out under 
the condition of constant pressure and the evaluation of energy changes in these 
processes are often required. The expressions relating the energy change at constant 


` pressure condition can be derived by defining а new state function, known as 
| enthalpy function. This сап Бе done as follows. 


Physical Significance 
of Enthalpy Function 


For a closed system involving only the reversible Work of expansion or | 


compression, we have | | 

dU = : dj - раў . 5 (2.5.1). 
where р is the pressure of the system and is а fit of temperature and volume. 
Adding the differential d(pV) = p dV + V dp to Eq. (2.5.1), we get 


dU + d(pV) = dq + V dp (2.5.2) 


o d(U+pV)=dg+Vdp ———— Q53) 


Since p and V are state functions, the product pV is also a state function. This 


may be verified by using Euler’s reciprocity relation.! Thus, the sum (U + pV), 


known as enthalpy function, is also a state function. This is represented by the © 


symbol H. Thus 


H=U+ pV (2.5.4) 
Substituting Eq. (2.5.4) in Eq. (2.5. 3), we have 
dH=dg+Vdp — 2 (2.5.5) 


Enthalpy is a thermodynamic function of the state variables. For a closed system, 
these variables are usually the temperature and pressure. The change in enthalpy 
for a given change of state is independent of the path and the change 1s zero over 
any cyclic path. It is an extensive property. 


If to a closed system, heat is supplied at constant pressure conditions, then 
according to Eq. (2.5.5), we have 


dH - dg, | (2.5.6) 


Thus, the change in enthalpy function of the system is equal to the heat exchanged 
by the system at constant pressure. 


Since H is a state function and dH is an exact differential, the quantity dq, 
under-the condition of constant pressure becomes an exact differential. It may be 
pointed out here that the absolute value of H need not be determined precisely as 
the absolute value of U may not be known. But as is usual in thermodynamics, we 


See 0. 2.5 in Try Yourself Problems. 
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Defining Heat 
Capacity in terms 
ofEnthalpy _ 


Change in Enthalpy 


with Temperature 


Zeroth and First Laws of Thermodynaimes 53 
will be interested only in knowing the change in the ау function, which can 
be evaluated by employing Eq. (2.5.6). 


Ifthe enthalpy of a closed system is taken as a function of temperature and pressure, 
the differential of the enthalpy is given by 


oH | oH 
dH = dT + (2.5.7 
i Gr E др 3 d | n 
At constant pressure, the above expression reduces to 
, (90H z Иб 
dH = br), 4T | (constant pressure) (2.5.8) 
Comparing Eq. к and Eq. (2.5.6), we have 
at) | | 
dH = d dT (2.59) . 
| Ip = (z | (2.5.9) 
Using Eq. (2.4.8), we have 
dq, (5) ; 
Се ar lor (2.5.10) 


which relates the temperature dependence of the enthalpy at constant pressure to 
the heat capacity at constant pressure. 


Substituting Eq. (2.5.10) in Eq. (2.5.9), we get 

dq, = dH = C, dT (2.5.11) 
For a finite change, we have 

agp 

q, = AH = r C,dT (2.5.12) 
C, independent of Т If C, is considered independent of temperature in the range 
T, to T,, then 

qP7AH-C(Dh-T) | (2.5.13) 


C, dependent on T Heat capacity at constant pressure is usually temperature 
dependent. An analytical expression is available which relates C, and temperature 
as 


Cate (2.5.14) 
where a, b, c, ... are constants, Substituting this in Eq. (2.5.12), we have 
| D 2 
= AH - | (at 67+ cT? + ar 
1 
which on carrying out the integration gives 


mie 


17 


CER 
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Example 2.5.1 


| Solution 


Problem 2.5.1 
Solution 


ERE T- ne € (ri Des . "WAS35) 


10.0 dm? of O, at 101. 325 kPa and 298 Ki is heated t to. 348 K. Assuming ideal behavior 
calculate the heat absorbed, AH and AU of this process at (a) constant Pressure, and 
(b) constant volume. Given: Con" path 

Given: C, m) K! mot! = 25. D 4 e" 013 (T IK) - 3. 86x 10 TRY. Assume ideal behaviour. 


pV (101325 kPa) (10.0 dm’) 


Amount of the gas, n = E= —— A Mm 
OUD Otte "7 RT 8.314 dm? kPa K^ mol) (298 K) 


= 0.409 mol `` 


(a) Constant pressure 


a i 2 2 
=n [ J K" mol! 7, - 7) + (0013 J K? mol”! |2 2 T 


3 3 
- (3.86 x 105 J K” Z5 2 | 


Substituting the given data, we get - 


2 
qp = АН = (0.408) [05109 48-298 298) sna 
3 ; TN 
- (3.86 x 1057) CE 


= (0.409) (1475.77 J) = 603.59 J 
AU = AH —-A(pV) = AH — nR (AT) 
= 603.59 J — (0.409 mol) (8.314 J K^ mot) (50 K) 
= 603.59 1- 170.02 J = 433.57 J 
(b) Constant volume 
q,7 AU - |. nC, » dT = [s nC, AT -f nR AT 


= 603.59 J - 170.02 J = 433.577 - 
AH = AU + A(pV ) = AU + nR(AT ) = 603.59 J 


_ (Note: The values of AU and АН are the same in both the cases as these are state functions. 


However, the value of q differs as it is a path function.) 


Prove that it does not necessarily follow that if (au V), = 0 then (дН/др)т = 0. 
Since H = + ру, we have 


А 
рж зү ер == +V 
др Т др Т др Т 


` чы. 


ауюш. 


actions. 
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Solution 
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or Bl Gi (= + (Z| +y Е (25.16) 
\ dp OV /т\ Op Jr I Е 


If (QU/OV ); = 0, then 


БЕЗ e 
n (2.5.17) 


Непсе # (ШӘР ) = 0, then (9#/9р); need not be zero. 


Show that for a fixed amount ofa an ideal gas (for which (909 V), = 0) 


| aH Я р JU) _ P oT 
| (i) [E: a) oe : {it) | =Ë nR =C A. "p 
a {OU oT Kr 
(iti) uu € т) (Eje, 
(iv) (= ЭЕ 0 and E уч | | 
(0H , дй {> 
o Qo e» (2) -e-m) | 


(i) From Eq. (2.5.17), we have 


oH oV 
BE Ax d 


For an ideal gas V = nRTIp, therefore Е ee 
Р; p 


Substituting this in the previous equation, we get 
(9H | È ar nRT 


1—— | =р V=-—— +V=-V+V=9 
Mp p p 


(ii) Since U = f(T, V), therefore 


QUY . QU 
us | 3i (2) 


For an ideal gas, (00/9/); = 0, therefore 


E dT = C,dT | 2.5.18 
(т), i ae 
Dividing by dV and introducing the condition of constant p, we get 


KOED =» 


Now pV = nRT, therefore T = pV/nR. Differentiating this with respect to V, keeping р 
constant, we have | | 


"P E А 
ы е АТ 
pamm Em А 
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(= 2р 
oV " nR 


With this, Eq. (2.5.19) becomes 


We have the relation 
U=H-pV . Е | 
Differentiating this with respect to V, keeping р constant, we have 


- QU) - (0H 3H (aT © (aT 
Y d | Tue ns sos О S) сс [91| 
б) | E FRU P |] P (2.5.20) 


. (iii) Dividing Eq. (2.5 .18) by dp and introducing the condition of constant V, we get 


GROGE] 


From Problem (1.3.13), we get 


(2) 18, 
дТ ү Kr 


Thus E. +С, (2) =9 e (1521) 
(iv) We have 

E. 

"XOT Jy 


Differentiating with respect to V, keeping T constant, we have 


27), =з), 


j | Since U is a state function, it follows that 


scar) "ir ar) 
ду (97 /у) ӘТ lev Jy, 
Hence E zie | 
x dV т aT ӘР), 
But for an ideal gas, (д Uia V), = 0. Therefore 
E =0 
AV Jp 


In other words, at constant temperature, Cy of an ideal gas is independent of volume and 
depends only on temperature. _ | 


Now C= ЁЗ 
P? NOT, 
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Differentiating this with respect to p, keeping T constant, we have 


ыш, 


Since H is a state function, it follows that 


| Hence | = a | (=| | 

I ‚ \ op Т ar op T)p 
5.20) `[ But, for ап ideal gas (@Hlðp)r =). Therefore 
get [ | E =0 


In other words, at constant temperature C, of an ideal gas is independent of pressure and 
depends only on temperature. | | 
(v) Differential of the relation H= U + pr is | 

dH = dU +p dV + V dp | 


Dividing by dV and introducing the condition of constant temperature, we have | 


sm | EJ (E + ЖЕЗ | - (2.5.22) 
| OV Jr ду Т F т | 
| Now, for an ideal gas | 

E \ А | nRT 
| | ТА, and p= y 
Therefore 2) =- po =~ ala € 
OV Jr y? y oy 
Substituting these in Eq. (2.6.22), we have 
Í (ӘН 
j Eas 
Gr). i 
| 1 (vi) Differential of the relation U = H — pV is 
E dU = dH - p dV - V dp 
| b Dividing by dT and introducing the condition of constant p, we get 
QU) (ӘН QVY — aV" 
—| =|—| -p ar) -C,-p 3T 
OT Jy. \9Т/„ КОТ T /, 

ie and | 2.6 RELATION BETWEEN HEAT CAPACITIES 

| Heat capacity at constant pressure is given by 
oH | | | 
C E | 2.6.1 
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and that at constant volume by the relation. 


NES 4 75 " 
eg „.@ О св 
Еашет in Problem 1 3.1 І, we have derived the following three relations between 
(дН/дТ), and (дЛӘТ)у. | | 


@- 68 
Gr), Ga), PSL, 
6-818) 


Replacing (Н/ӘТ), and (QUIaT), by C, and C;, respectively, we get 


sec 8) 2 


v oH 2) 
C=C | 2.64 
a | n Є ut 
_ nly (OH) (ar) 2 | 
т. E, e NE y Ret 


Difference of Heat Тһе difference between C, and Су may be expressed in terms of ay determinable 
Capacities interms derivatives by making use of the thermodynamic equation of state! 


| of Easily QU (др 
Determinable [mn -p 
duet Wir | XOT, 
. Derivatives M RUE 
| Substituting this in Eq. (2.6.3), we get 
3i 5), 
С - Су = Т | 2.6.6 
; pU E oT d 
X | Gane definitions of a and ку and that (др/дТ)у = a/K, (Problem 1.3.13), we get 
о? | | 
OQ. (2.6.7) 
T 


Making use of the cyclic relation 
eg, «« 
OT /, V Op); NOV Jr 


t See Section 4.14. - 
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262) P" ior),  QT/3pyQploVy lar), р, 
Substituting this іп Eq. (2.6.6), we get 
tween | | 
; | (= | 
C-C = Т | | |. 2.6.3 
Р á E: y op T ( 
Evaluation of For one mole of an ideal gas р/, = RT, therefore 
C, m- Cy mfor an l 
pm “V, 
Ideal Gas (2) =. g (5а | E: 
m | ' or ү Д 9Т р 
Substituting these in Eq. (2.6.6), we get | 
| 2 2 | 
E те СТ 
pap EDT Wa JAP) PV, RT | 


Alternatively, Eq. (2.6.3) can be used to determine C, - Cy for an ideal gas. 
The term (QU/0V),. represents the change in internal eny when the volume of 


2.6.3 | 
°з) | the system is changed at constant temperature. Since there exist no forces of 
| . attraction between the molecules of an ideal gas (i.e. the molecules move 
2.64) | independent of each other), there will not be any expense or gain of energy on 
Е | expansion (when the molecules are pulled apart) or compression (when the 
| molecules are brought near to each other) of such a gas at constant temperature. 
265) | This amounts to (U/0V), = 0 for an ideal gas (Joule's law, see Section 2. 2. 
ns | Thus, Ед. (2. 6. 3) reduces to 
inable | E | 
| C C p 
| p,m V,m 
| Т} 
| 
| But ЕЗ E 
| H oT p P 
2.6.6 | 5 
6.6) | Hence C, n~Cym=Pp|—|-=R 
ve get | Evaluation of For one mole of a van der Waals gas, we have 
É 
| C, m~ Cy s fora í Р 
2.67) d van der Waals Gas pt (V, = b) = RT 
| UR 
ab 
| or pV, -pb+ —-— = ЕТ (2.6.10) 
i 7 y? 
| Differentiating this with respect to T at constant У, we get 


FARE вед. 
CE Lees 
E y ^ NOT "a s 
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Problem 2. 6.1 


Solution 


(2.6.11) 


Differentiating Eq. (2.6.10) with respect to T at constant p, we get 


(Sa) 645) (Za) -R 
Var), VT), ү (аг), 


2 Y, Ro IEEE 


Substituting Eqs (2.6.11) and (2.6.12) in Eq. (2.6.6), we get 


los 
Е B à 2a 
uc pc = 


ee 

- im | (2.6.13) 
ME 
ҮМ. ) 


Under the conditions of high temperature and.low pressure, Eq. (2.6.13) may be 
approximated as 


R 2a | za 
C a — Cy n =e RIF = R| 1+——; 2.6.14 
кыш Tal RT | 2 | pp) 201%) 


Equation (2.6.14) is not applicable under the conditions of low temperature and 
high pressure. From Eq. (2.6.14), if follows that the difference Са Сит 
increases linearly with pressure. This difference also depends on the nature of 
the gas through the constant a. Thus larger the value of a, larger the difference 
between C, m and Су. 


For a van der Waals gas, show that 
_ 2ар .4abp’ 
Cin = Cyn =R E | 
From Eq. (2.6.12), we have 
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Example 2.6.2 
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NES MERECE NES EE | 
а\ 2а 7 RT 2a | 
BN бы ЖЕ eV фе, | 
on zu b) em yi m ) | 
d | 
RV, -b (V, —$ 2a | 
л D 1 T Js б-н | 
RT - (V, - by. ud 
үз | 
at) 2a К ( 2 Oi 
= 1+ —— (V, - b) 4121 = 1+ V? -2V b 
| = | Rr O” ] T Jj. Pere D 
| [R5 ч 2ар aby? | 06.15) 
T RT RT | poe 


From Eq. (2.6.11), we have 
oT), V -b 
a (2a) R [Ё za 2ap Аар? 
: = =T] ==] =7| — 11-8 1+———-——}{. 
Hence C, m~ Cy, m (2 AT), y, -b T pr К?Т? 


EA: à 
-R m 4abp | | (2.616) 


The coefficient of cubical expansion a of a metal at 293 K is 21.3 x 105 K^ and the 
compressibility coefficient ку is 1.56 x 107! pa! The molar mass of metal is 63.55 g mol ! |. 
and its density is 0.97 g cm ^. Calculate Cy m Се,» Of the metal at 293 К. | | 


We are provided with | 
@=213х10®К7 \ 
кү= 1.56 x I9! Pat = 156 x 107 QN m?" | 
p =0.97 g cm? 


Molar mass 63.55 g mol ' Wem | 
ee =65.515 cm mol | 


Now Molar volume = | 
oem Density 0.97 gem” | 
Substituting the above data in the expression 


a? TV, 
Кт 


CG ae (Еч. 2.6.7) 


{21.3 x10% К^)? (293 K) (65.515 x10% m? mol”) 
weete dE atu e вс 
db (L56x10 NT m°) 


= 0.558 N m K” ino! = 0.558 J K mol" 


Calculate C, in 7 Cy, m for nitrogen at 298 K and 100 bar pressure, the van der Waals constant 
a is. 141.dm° kPa mol’, 


\ 
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Solution | We have 
p = 100 bar = 10° kPa 
а = 141 ётё kPa mol” 


For a gas obeying van der Waals equation, we have 


C n7 Crm = ці, p) (Eq. 2.6.14) 


Substituting the given values, we get 
C, m 7 Cy, = (8.314 JK mot") 


| 6 -2 
М | кш б КРа 
(8.314 dm? kPa K~ mol)? (298K) 


= (8.314 J K mol") (1 + 0.459) 
= 12.13 J K™ mol! 


21 JOULE'S EXPERIMENT 


Experimentation The evaluation of the differential (9079/),. for gases, in principle, can be done 
: with the help of Joule's experiment (Fig. 2.7.1). Two vessels A and B are connected 
via a stopcock. The vessel A is filled with a gas at a certain pressure and the vessel _ 
B is completely evacuated. The entire assembly is immersed in a large vat of 
water and is allowed to come to thermal equilibrium with the water. The stopcock 
is opened and the gas is allowed to expand till both the vessels are uniformly 
occupied. After some time, when the vessel has again come to thermal equilibrium, 
temperature of the water is recorded. The result shows that the temperature of water 
after the experiment is the same as that before the expansion. 


Joule 


Thermometer Stirrer 


Fig. 2.7.1 Joule expansion 
experiment | 


Interpretation of Before expansion, the entire gas is present in the vessel A. On opening the stopcock, 
the Results the boundary of the gas which always encloses the entire mass of gas expands 
against a zero opposing pressure. Such an expansion is called free expansion. 
Since dw = —p,,, dV, it is obvious that the work involved in the above expansion 
is zero. Now, according to the first law of thermodynamics dU = dq + dw, we have 


dU=dg - 
Further, since Шеге occurs по change in temperature of the bath, it follows that the 
heat dg involved must also be equal to zero, Thus, we conclude that 


Joule 
term: 
Deter 
Deriv 


STRENGTH NN STP TT Ie DU RT TS aT RT TED I HT OE I A E E EN ET EI E TEE 


" MU 
а 

е КАЙ 

y 2s! 


5.14) 


Joule Coefficient 
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d= 0 


that is, Joule expansion is an isenergetic expansion. 
Taking U to be a function to T and V, we write its differential as 


i-a or 
ar av 


Since dT = 0 and dU = 0, we must have 


90 
dV =0 
| E y. 


Now since dV » 0, if follows that 


(5)? (272) 


Equation (2.7.2) is known as Joule’s law and it implies the following. | 
The change in energy of a gas with change in volume at a constant femperature 


i$ zero. 


In other words, the energy of the gas is a function of temperature only. 
Mathematically, it is written as U = f(T). Joule’s law is strictly applicable only for 
ideal gases and not for real gases. 


The results of Joule’s experiment involving any gas (either ideal or x can be 
expressed in terms of Joule coefficient 7, defined as 


ШЕ | | den 


The Joule coefficient can be expressed in terms of the derivative (00/97); by 
employing the first law of thermodynamics. Taking U = f(T, V), we have 


{dU д0 
dU-|— | 4Т+ dV 
| S) 


Since, the Joule experiment is a process of constant energy, we have 


861: 
9T Jy V Jy AOV Jp 


| Rearranging this, we get 


Joule Coefficient in 


. terms of Easily 


Determinable 
Derivatives 


5 e | | 
Ipse eec 
Vp \AT Jj W Jy 
1 (dU \ 
or Hn m). | (2.7.4) 


The Joule coefficient 1] can be expressed in terms of quantities obtainable from the 
equation of state of the gas by employing the thermodynamic equation of state, 
according to which (see Section 4.14), we have 
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Joule Coefficient 
for an Ideal Gas 


Joule Coefficient 
for a Reai Gas 


Une... 


Gym oem 


quem 


If AT and AV are small, Joule coefficient can be written as 


Therefore n= -HZ) = 
Су \ OV Jt 


(z xj (АТ), 353 
7" a (АР), d 
Substituting this in the previous expression, we get 
I T | 
АТ) = —|p-T|c—| AV | 2.7.8 
(ny al (2) | ола) 


For an ideal gas р = nRT/V, therefore 


Es 
oT V 


This implies that 


И 2) |. 1 (ur o l К 
=-— (2 -p}=-—|—-p|=-— (р-р)=0 (279 
n z| at), "| gr 2 С, (р-р) (2.7.9) 


that is, Joule coefficient for an ideal gas is zero. 


For a real gas, the sign of 7 depends on the relative magnitudes of p and (ap/97), 
as can be seen from Eq. (2.7.6). Thus we have 


(i) When p > T (dp/oT)y then 1] is positive. Since dV is always positive in 
Joule's experiment, it follows from Eq. (2.7.3) that (7), is positive, that is, there 
occurs an increase in temperature of the gas. In this case, as can be seen from 
Eq. (2.7.4), (90/9/) ; will have a negative sign. 


(ii) When p < T (dp/dT), then 1] is negative. Hence, it follows that (9T), is 
negative, that is, there occurs a decrease in temperature of the gas. In this case, 
(QUIQV), will have a positive sign. 


The fact that (QU/QV), is negative at very high pressures and is positive at 
ordinary pressures may be explained on the basis that the energy U actually consists 
of two types of energies, namely, kinetic energy and potential energy. When the 
volume is increased at constant temperatures, the kinetic energy remains constant 
but potential energy varies. At ordinary pressures where the attractive molecular 


forces predominate, the potential energy increases on expansion and hence 


(90/9/)  іѕ positive. At very high pressures, where the excluded volume plays the 
dominating role, the potential energy decreases on ор with the result that 


 (QU/0V), is ois 


VT ETI SISTERE PT MISERE tee tz FEN PERMET ABNER TTT TL ANTES APRS RESTER) ЖӨӨК: 
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176) 
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219) 
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2.8 JOULE-THOMSON EXPERIMENT 


Experimentation. -" Те Joule-Thomson experiment. involves ilie expansion of a gas form one fixed 
© - - . pressure to another fixed pressure under adiabatic conditions. The apparatus for 
_ the Joule- Thomson experiment is shown in Fig 2.8.1. It consists of a cylinder 
. . divided, into two: ‘parts bya porous plug, a needle valve or any other throttling 
ма, device. А fixed quantity of gas is contained in the cylinder by frictionless. pistons 
5 E pleoed: on either sides of the porous plug. The entire apparatus is surrounded by 
rae) ‘adiabatic we | |; The gas to the left of the porous plug is at a high pressure p, 
e and that. to the ght i is at a low pressure p» (p, > p). The gas is allowed to pass 
Une through the porous plug from left to right, maintaining the pressures p, and p, at 
constant values. This can be achieved by removing the left-hand and right-hand 

pistons to the right quasi-statically. 


Fig. 2.8.1  Joule-Thomson 


Experiment 
Throttling device  Weightless frictionless piston 
Nature of Joule- Suppose a certain amount of gas is passed through the porous plug. We then have 
Thomson Expansion Change in volume on the left hand side = — V, 
Work involved on the left hand side = p, V, 
Change in volume on right hand side = V, 
Work involved on the right hand side = —p,V, 
Net work involved in the system =—p,V, + p,V, 
Because the process is adiabatic, dq = 0, and thus from the first law, we have 
AU = w | 
or MN Шр, | 
or M = Ну (2.8.1) 
that is, the enthalpy of the gas which has moved across the porous plug remains 
unchanged and thus the Joule-Thomson expansion is an isenthalpic process. 
Joulr-Thomson The measured change in temperature -AT and the measured change in pressure 
Coeffcient —Ap are combined in the ratio · 


Cae) las, 


MEAE Nu TH Sm tr ot ctm nm 
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Example 2.8.1 


Solution 


Joule-Thomson 
Coefficient in Terms 
of Easily 
Determinable 
Derivative 


The Joule-thomson coefficient рут is defined as the limiting value of this ratio as 


_ Ap approaches zero 


"ia QUEM. 
=i 2.8.2 
т ale), (5), E 


At 573 K and: pressures of 0 – 6.0 MPa, the Joule-Thomson: coefficient of №) can be 


represented as 
HK MPa! =0. 140-2533 x 102 (p/MPa)- 
Assuming this equation to be temperature-independent near 513 K, find the temperature 
‘drop which may be expected in the Joule-Thomson expansion of the gas from 6.0 MPa to 
2:0 MPa pressure. | 
Since fyr = (0T/0p),, therefore 
dT = Hyr dp | 
= (0.140 K MPa’) dp – (2.533 x 10? K MPa) (р/МРа) dp 
Intergrating шк the limits of pressure, we get 


үү 
АТ= 0.140 К MPa 2.533 x 10° K MPa ERE: 
( Dp, - р) -( h E MPa x 


Substituting the given values of p, we get 
AT = (0.140: K MPa!) (2.0 MPa ~ 6.0 MPa) – (2.533 x 10° K MPa!) 


: (2.0MPa)* (6.0 MPa)? . 
2MPa 2МРа 


. =- 0.560 K + 0.405 K 
= 0.155К 


Since H= f(T, p), its differential is 


Dividing by dp and introducing the condition of constant H, we get 


Gael Gh 


т). вна» 1ш) | 
А ale (НӘТ), - ap) (2.8.3) 


According to the thermodynamic equation of state (see Section 4.15), we have 


Substituting this in Eq. (2.8.3), we get 


Exan 


Solut 


Joul 
Сое 
Idea 


Jou! 


Coe 


Rea 


!82) 


san be 


Tature 
{Ра to 
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. (ar) TVIT), -V 
aL] mme 


| dp C, ees) 
He) a ed ve 
or =e] =| m - = — e — 
Example 2.8.2 Calculate the Joule-Thomson coefficient of carbon monoxide at 298 K and 40.53 MPa 


pressure, given that (7/V) (д VIT), is 0.984, the molar volume is 76 cm’ mol! and 
C, = 3128 JK mol”. 


Solution Substituting the given values in the expression 
| Y, | ш | | 
ee е (се быр А 


Е (16x10 т? mor!) 

we’ = ——— 
СЕЎ йт” 1283 KC mol) 

= 0.032 6 x 10° K ГЇ m =- 0.032 6 x 10° K (Pa п?! п? 

=~ 0.032 6 x 10° K (1 atm/101.325 x 105) = — 0.003 3 K atm" 


(0.984 — 1) 


Joule-Thomson For an ideal gas (9Й9Т)„ = nR/p, therefore 


Coefficient for an ; | 
Idea Gas _TOV/eT), K RTP ce O86 
Шт = С e 5 ( ©. ) 
р ^p 2 


that is, Joule-Thomson coefficient for an ideal gas is zero and thus the temperature 
of such a gas will not suffer any change in the Joule-Thomson experiment. 


Joule-Thomson For real gases, the numerator in Eq. (2.8.4) (and thus Joule-Thomson coefficient) 


Coefficient for a may be positive, negative or zero depending upon the temperature and pressure of 


. Real Gas the gas. Since the change in pressure, dp, in Joule-Thomson experiment is always 


negative, it follows from Eq. (2.8.2) that dT is negative when {yy is positive, and 


і vice versa, These effects are summarized in Table 2.8.1. 


Table 2.8.1 Relative Signs of шт and (dH/dp), 


Experimental Шт {ӘН/Әр). Comments 
result from Eq.(2.8.2) — from Eq. (2.8.3) | 
X, dT negative, 1:е. (+) Ө Most gases, H, and He at 
DD | low temperature 
Cooling . 
dT zero, i.e. Zero Zero Idea gas, real gas at 
T,=T, inversion temperature 
Neither heating 
: nor cooling 
dT positive, i.e. (-) (+) Most gases at high tempera- 
Т> Т ture, Н, and He at ordinary 


ae " 
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Real Gas Undergoing The effects produced in the Joule-Thomson experiment involving a real gas can 
Joule-Thomson be discussed very neatly with the help of Eq. (2.8.3). We have 


Expansion am 1 (ӘН 
zc 
Since H = U + pV, therefore 


« ( {т 
др op); \ Op Jp 


aH) (au) (aV) (3p) —— 
: " "Gr (7) Z a) др | i 


Substituting this in the previous expression, we get 


ar) | 1[(3U (av) (pr) 
ит” 5), =), uu Е | ae 


The first term on the right hand side of the above equation is negative since 
(90/9/) is positive (unless the pressure is very high where (dU/OV), is negative) 
and the fact that (dV/dp); is always negative. 


The second term (0(pV)/dp), which, however, represents the Че from 
the ideal gas, can have either sign. 

Three cases may be distinguished. 
(i) When {9(р/)/9р))} ; is negative 


This condition is usually valid at low temperatures. In this case, 
QUY (aV O( pV 
т car | e z) (8 ] 
oV dp r др} 


EN DN [(-ve) + (-ve)] = positive 


(туе) 
Since dp in Joule-Thomson expansion is always а we will have 
oT ? ү 
Шт = ei = (ve) = positive 
Therefore, (ЛТ), = ~ve 
that 1s, the gas undergoes cooling in Joule-Thomson expansion. 


(ii) When {9(р/)/др} т is positive and is greater than the magnitude of 
(QU/gV), (дЇдр)т 


This condition is usually valid at high temperatures. In this case 


.. 1ffav) (av) | (ap) 
eme ear), c ER 


TRE. [(-ve) + (more +ve)] = negative 
(+ve) , 


Inve. 
Tem 


Eva 
(dH! 
(д0) 


$ can 
184) . 
| Inversion 
).8.8) | Temperature 
since 
ative) 
from 
Evaluation of 
(dHidp), and 
(09У); from Hyr 
p | 
\ 
йе оў 


Ж NK, 


TE 
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Р (Z) - Eg | Р 
ап Hp = ip), Cv) Би Ive 


Therefore, (AT), = tve 


that is, the gas undergoes heating in Joule-Thomson expansion. 


(iii) When [9(pV)/dp)z is positive and is equal to the magnitude of 
(90/97); (OViop), 
. In this case i 
Mp =0 andthus {Ay =0 
that is, the gas does not exhibit any cooling or heating during the Joule-Thomson 
expansion. 


The temperature of the gas at which Шут = 0 is known as the inversion аш 
From Eq. (2.8.5), it follows that 


wv | i 
i-i E Е 
"AT E | 


1 ] | | 
ог T,= mx | (2.8.9) 
V\aT), 


where @; is the isobaric expansivity of the gas at the temperature T;. 


The evaluation of the differential (QH/dp), for gases can be done by utilizing 
Eq. (2.8.3). Thus | 


| 


9T ) | 
cA | -c (2.8.10) 
E Jj: p Шт ( ) 


For an ideal gas, Hyp = 0 and thus the differential (9H/0p); is zero. This also 


follows from Eq. (2.8.7) since (00/97); and (d(pV\/dp), are both zero for an ideal 
gas. For real gases, (/H/dp), can be positive, negative or zero depending upon the 
temperature of the gas. Once (dH/dp); is evaluated, the differential (QU/0V), can 


be calculated from Eq. (2.8.7). Thus 


z js | al CE 
е aa 


Rearranging this, we get 


(2) (ӘН /9р):-И (2.8.11) 
дУ т (дУ/др)т | 


Hence, substitution of (dH/dp),, (//9р), V and p gives the value of (AU/OV)p. 


-JxTEX (deu en urere Wer EC tuin 
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Problem 2.8.1 Show that the value of (ӘНГӘр), = = V for solids and liquids. | 
Sine Н= U- pV, we get on differentiation 
dH - dU + p dV +Y dp 
. Dividing by dp and introducing the condition of constant temperature, we get 


=) (2 0) «(e [| TES +V 
др Jr \Op)r ` (P/r OV трт \ OP Jy 


For solids and liquids, the variation of volume with pressure is negligibly small, i.e. 
(дУдр)т = 0, and therefore | 


Op р 


23 JOULE-THOMSON COEFFICIENT AND VAN DER WAALS EQUATION OF STATE 


"Solution 


Expression of flyr The expression for Joule-Thomson coefficient as given by Eq. (2.8.4) is 


| | (ov 
«db n] - 
CL Ol J 
The expression for (д УГТ), for one mole of a van der Waals gas as given by 
Eq. (2.6.12) is | | 


ау 
oT A a ab 
p =_=. 


IIP v 
C = a ; | (2.9.2) 

DS аер | 
` Vin Fa 


Equation (2.9.2) may be simplified under the following approximations. 


(i) =. + 21 may be ignored in comparison to p 
(i) pV, = RT 
With these, Eq. (2.9.2) becomes `` 
| [2a 3abp | 
= —~-|—-——-}| : | 2.9.3 
Hyr | mr - RT? ( ) 


Me, 


Res 
Tho 


EX| 
Re: 


Im 


ч. 


all, ive. 


2.9.1) 


en by 


29.2) 


2.9.3) 


Results of Joule- 
Thomson Expansion 


Explanation of 
Results 
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If temperature of the gas is not too low and its pressure is not too high, Eq. (2.9.3) 
can be reduced to a more simple form by neglecting the term Зар, so that 


PPS Е (2.94) 


Values of Hy for H,, O, and CO, at 0 °C as calculated from Eq. (2.9.4) are given 


in Table 2.9.1. The agreement between observed and calculated values seems 
reasonable keeping in mind the assumptions made in deriving Eq. (2.9.4) and ће. 


applicability of the van der Waals equation. 


Table 2.9.1 Values of ду at 0 °C for some Gases 


Gat 
Gas  dm'kPamol^ dm’ тог ЈК mol! -Calculated ^ Observed 
Н) = 25.4 267х102. 29.38. -0.014 _ -0.03. 
О, 10375 30x10? 3029 029 - 031 
CO, 364.77 4.28 x 10° 38.50 0.73 1.30 


The Joule-Thomson coefficient has a positive value when (2a/RT) is greater than b 
and the gas exhibits cooling on.expansion. The cooling of the gas can be explained 
on the basis that the forces of attraction between molecules of the gas predominate 
over the excluded volume 5. Consequently, on expansion the gas has to do some 
work against these forces of attraction. The energy required for this comes from 
within the system as the expansion takes place under adiabatic conditions and thus 


cooling is observed. On increasing the temperature, the term (2a/RT) decreases and 


eventually at the temperature known as the inversion temperature, it becomes equal 


_ tob with the result that шт becomes equal to zero. At this temperature, neither heating — 


Inversion Temperature 


nor cooling is observed. At still higher temperature, the factor (2a/RT) becomes lesser 
than b and thus now the excluded volume b predominates over forces of attraction. 
Here Шут is negative and there occurs a rise in temperature of the gas after it has 
passed through the porous plug. These effects are also shown in Fig. 2.9.1. 

The inversion temperature of a gas as defined above is the риа at which 
Шт = 0. Thus equating Eq. (2.9.3) to zero, we get 


Ja 3abp 


_p=0 (2.9.5) 


Equation (2.9.5) implies that a gas has two inversion temperatures at each pressure. 
Experimental results are in agreement with this fact as illustrated in Fig. 2.9.2. 


Under the conditions of low pressure and high temperature inversion temperature 


. may be determined from Eq. (2.9.4). Thus, we have 


2a 
Т. = Rb 


(2.9.6) 


Example 


[2 
= 
© 


a=141kPadm mol” van der Waal's 
b = 0.0392 dm’ mol 


C, „=34.35 JK” mol 


| Solution 
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Fig. 2.9.1 The variation of 4, and its two Fig. 2.9.2 A Typical Joule-Thomson inversion 
components of N, {a van der Waals gas) with curio 
temperature: 
Example 2.9.1 Calculate ру for nitrogen gas at 293 K and 10.133 MPa pressure, taking C, m as 34.35 J К! 
тоГ!, а = 0.141 ёте MPa mol” and b = 3.92 x 10? dm? mot. 
Solution —— The expression of Шур is 
| | Example 
l | 2a 3abp | 
Шт c {RT | pn 
| Com AT is | Solution 
A | 6 4 
Nw o сие 2 Мы ш ) = 0.115 7 dm? mol” 
RT (8314x107? dm MPa mol) (293K) 
j К 
3abp _ 3(0.141dm° MPa то! ?)(3.92 x 107 dm? тоГ1)(10.133 MPa) 
ЮТ? (8314 x10? dm MPa K mol”)? (293 К)? 
| = 0.028 3 dm? mol! . 
M 
1 
Thus = ——______ [(0.115 7 - 0.039 2 - 0:028 3)dm? mot]: 
PT G4351K mol) K ) 


= 1403 x 10? K I! dm? = 1.403 x 10? K (kPa dm’)! dm? 
= 1403 x 10? K kPa! = 1.403 x 107° K (1 2tm/101.325) ^ = 0.142 K atm" 


Example 


чи, 
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Example 2.9.2 Calculate the inversion temperature of nitrogen. Given : а = 1.408 ёте bar mol” and 
b = 0.039 13 dm? тог. 
al’s Solution Substituting the given data in the expression Т, = 2a/Rb, we get 
" 2(1:408 дт bar mol”) 
i^ (0.083 14 dm? bar K™ mo[ (0.039 13 dm? тог!) 
-865.6K | 


Evaluation of From Eq. (2.8.10), we have 


(0Hlop); from uy of — m 
a van der Waals i Е = 
др T 


E C, I 
Gas 
Also from Eq. (2.9.4), we have 


ion 


(=) fet (29.7) 


For a gas undergoing isothermal expansion or compression, we will have 


2a 
= | b-— |А 
AT, | | p | (2.9.8) 


Example 2.9.3 Caléulate the value of AH for the isothermal compression at 300 K of 1 mol of nitrogen 
from 10° Pa to 500 x 10° Pa. Given: a = 135.78 (dm’)’ kPa mol and b = 0.039 dm? mol”. 


Solution We have 
Ap = 500 x 10° Pa — 1 x 10° Pa = 499 x 10° Pa = 499 x 10" kPa | 

a = 135.78 (dm) kPa mol? | 

b = 0.039 dm? mol" | | 


Substituting these values in the expression 


aw 


we get 


2x 135.78. ате kPa mol? 


B LL | (499 x 10° kPa) 
(8.314 dm? kPa K^! mor!) (300 K) 


EVE L dm! mol ! - 
= (0.039 dm? mol! ~ 0.108 9 dm? mol” (499 x 10? kPa) 
=~ 3 488 dm’ kPa mol! = – 3488 kJ mol 
Example 2.9.4 . Ina single-stage Joule-Thomson expansion, one mole of nitrogen gas suffers a change 
in temperature from 25 °C to -196 °C. If the final pressure of the gas is 101.325 kPa, 


calculate its initial pressure. Given: a = 135.78 dm kPa mol”, C, m= 20.92 J K” mol and 
b = 0.039 dm mol". 


x 


TE 
» 
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Solution We have - : E | | 
T, = 25 °С = 298 К; -T =-196 °C = 77 К 
р = 3; p, = 101.325 kPa 
= 135,78 " kPa mol; m b = 0.039 dm? mor! 
We "A that | | 
= z) Ge 
mr pie CLA. 


E Ст Т=С ; 
шше dp S RTD © Pm| 2a-bRT 


хо Changing the variable T to Ө with the help of equation 2a – БЕТ = 0, we have 


-bR dT = 40 | 
40 · 2a- 0 
= - and RT= 
Thus dT СК) | b 


With these, the expression for dp becomes | 
dp -C,, се» „ү dð ips [e -ijae 
0 (-bR) bR ө 


Integrating, we have 


| Сой ў | 
or hU -— BR {2а In (6, / id - (8, - 95 


Now the values of 6, and 6, corresponding to T 25 *C (298 К) and -196 °С (77 К) аге 
0, = 2a - BRT, = 2(135.78 dm kPa тог?) — (0.039 dm? тог!) | 
х (8.314 dm? kPa K mol!) (298 K) 
= 174.93 ате kPa mor? 
= 2a - bRT, = 2(135.78 dm kPa mol”) — (0.039 dm? mol!) 
j х (8.314 dm? kPa K! mol” D (77 K) 
= 246.59 dmÓ kPa mol” 
Substituting these values along with p, = 101.325 kPa in the previous expression, we get 


(20.92 J K^! mol!) 


‚ 101.325 kPa ~ Pi = 7 qe 39 dm mol 7 (8314 K^ mol”) 
| x [2(135.78 dm? kPa mol’) (In (246.59/174.93)} 
- (246.59 — 174.93)] ате kPa mol” 
= — (165433 dm mol”) (21.58 dm kPa mol”) 
= — 35 700 kPa 
Thus р = 35 801 kPa = 353.3 atm 
Problem 29.1 (a) | The virial equation for a van der Waals gas retained upto second virial coefficient is 


| where B-b-a/RT 


m 


"s 
рї = RT y 


. Solution 


“ER, 


7K) are 


cient is 


Solution 
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Show that the expression of Joule-Thomson.coefficient for this gas is given by 


| NY -B«T(BIOT),] - 
IS E ВЕТРА 


(b) At the inversion temperature, {hr = 0. Hence, B - Т, (9B / 9T), = 0. Show that it leads 
to the expression T; = 2a/Rb. Calculate the. inversion temperature of nitrogen for which 
= 141 kPa dm® mol? and:b = 0.039 2 dm? то. 


c) Draw a graph between B and T for the nitrogen and show that the inversion temperature 


is equal to the temperature of contact of Ше tangent to B versus T curve drawn from the 
origin of the graph. 


-{a) The expression of Joule-T homson coefficient is 


| LÍ of 
E fu p 
Hn zl (Sa) | 


From the given equation of the gas, we get 


8 


a: 
oT | 
Form this expression, we get | 
(=) R(+B/V,,) + (RT /V,) (дВ/дТ), 
UT), (p+ BRTIV2) 
Replacing p by (R7/V,,) (1 + B/V,,) and multiplying numerator and ыо by 
V ЁТ, we get 


[= |- (Уһ!Т)(@+ В/У„) +(дВ!дТ), 
oT (1+ 2B/V,,) 


1 Е (1+ BIV,) +T QBIOT), " | 


UE (1+2B/V,) 
| E аа 
а. 


(Le2B/V,) | 
(b) Since B = b — a/RT, we get | 


= TA 
\oT), АТ? 


Hence, at inversion temperature, we have 


1 


oe 5) SE. 
| B-h|L|sb-—-h—b-— 
(8) ОЮП | RT, 
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Equating this to zero, we get 


2a 
Т,= Rb 


For №, we have TOTEE 

2(141kPadm® mol”) = 

fec е ae cH, 2—1: = 865.3 K 
(8.314 kPa dm" К” mol™){0.039 2 ат mol) 


(c) Given values of a and b for N, are a 141 kPa dm* mol and b = 0.039 2 mol! dm’, 
The values of B (= b — a RT) at different temperatures are as follows. 


" TK | Bldmmo!  — ТЇК. В dm? mot. 


100 |. -0130 |. 600 0.011 
200 (00-0046 700 0.015 
300 |^ 20017 800 0.018 
40 > -003. 900 0.020 
500 '" 0,005 1000 0.022 


The graph between B and T is shown in Fig. 2.9.3. A slope line passing through the 
origin (B = 0, T — 0) is also shown in Fig. 2.93. It is obvious that this slope line meets 
B verses T graph at T = T;, because only at this point the values of B calculated via slope 
line and from the expression B = b – a/RT have the same value. The equation of the slope 
line is B  (B/T)) T. 


0.03 


| 
| | 
1 us | Т, can be determined 
i. 0t 7 | by the temperature of 
g contact of the tangent 
4. —0.01 | to B(T) versus T curve 
| 5 | drawn from the origin. 
| S | 
і 
– 0.03 i 
Fig. 2.9.3 Graph'between ! Т, = 865 К 
Н В and T for nitrogen - 0. 
| pene 0005230 400 609 800 1000 
X ТК 


210 THERMODYNANWiiC CHANGES IN ISOTHERMAL VARIATION IN VOLUME OF AN IDEAL GAS 


Expressions for q, w, We shall use the first law of thermodynamics to calculate the changes in 
AU and AH thermodynamic properties when an ideal gas undergoes the process of expansion 
or compression. - | MEE 


Inan isothermal expansion or compression process, the temperature of the 
pec system remains constant throughout the expansion or compression process. Since 
for an ideal gas, U depends only on temperature (Joule's law, (0079/0); = 0), it 


NE ч Я 


Кеме 
or Co 
Proct 


ugh the 


*». 


1e meets 
ла slope 
he slope 


my 


\L GAS 


nges in 
pansion 


e of the 
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= 0), it 
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follows that | | | 
dU-0 or AU=0 | (2.10.1) 
Substituting the above expression in the first law of thermodynamics, we get 


dg=-dw or q--w (2.10.2). 


Hence in ап isothermal expansion ог compression process, heat is converted 


. into work and vice versa. Thus, if heat is supplied to the system (q positive), the 


Reversible Expansion 
or Compression | 
Process 


equivalent amount of work is done by the system (w negative), and if some work 
is done on the System (w positive), the equivalent amount of heat is Een out 


(4 negative). - 


_, The рУ change of the system is rales zero as 
AH = NU + pV) = AU + Ару) 
= AU + A(nRT) = AU + nR(AT) | 
=0+0=0 ‚ (2.10.3) 


` The magnitude of w (ог q) depends on how the expansion or conipression. 


process is carried out. Two different types of processes may be distinguished, 
namely, reversible and irreversible. The changes in g, w, AU and AH in these two 
types of processes are given below. 


The expression for the work involved in an isothermal expansion or compression 
from volume V, to V; can be worked out as follows: 


Since dw =- Pou 4, therefore 
eV. 
Wo |. Pext dV 


In the reversible change of volume, the external pressure differs from the pressure 
of the gas by an infinitesimal amount, 1.е. 


E Pint = ян dp 


where +ve and -ve signs are meant for compression and expansion processes, 
respectively. 


Substituting this is the previous expression, we get 
ож o h Oh 
w=- [Pint dp) dV =~ [p dVs fy dp a 


The second integration can be neglected, since it is the product of two 
infinitesimal small differentials. For an ideal gas, p; is given by 


_ ART 
з y 
With this the previous expression becomes 
ПЕТ 
"E A ы 
п " 
Since temperature remains constant in an isothermal process, we have 
(^dV V. 
»--mr| авта c (2.104) 
"A y, 


see nhs ee ASAIN TOEA PE AL 


ey 


\ = 2.333 6 MPa dm = 2.333 6 kJ 
Irreversible Expansion Two types of irreversible change in volume may be distinguished, namely, expansion 
or Compression against a zero pressure (free expansion) and expansion or compression against a 
Process | constant pressure (intermediate expansion or compression). The change in q, w 
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In terms of pressure, we have 


w--nRTIn A MEE z — (210.5) 
Р) ROCEN d 
Hence, for an isothermal reversible expansion or compression, we have Interme 
| 2 mE NN =: Ехрапѕ 
--w-nRTln 2 -nRT In A Compre 
AU = AH = 0 | 
Example 2.10.1 Calculate the work which could be obtained from an isothermal reversible expansion of 
| mol of Cl; from 1: dni to 50 йг at 273 K using ideal gas behaviour. —— 


Solution | For an ideal gas 


w=-RTin 2 


1 


| 3 
-- aunke mot”) Qm K) x 2303x log = | 


-- 8 880.8 J mol! = — 8.88 kJ mol”! Ехатрі 


Ехатріе 2.10.2 Ове = of. an ideal р gas. ata pressure of 1 013 3 МРа Пет: reversibly and isothermally 
. from its volume to 10 dm’, How much of heat i is absorbed and how much of work i is done 

in expansion? Solutior 

Solution — For an ideal gas undergoing reversible volume change, we have Е 


оси 2 
LN 


The temperature in the above expression can be replaced in terms of p, and V, by using 
the ideal gas equation. Thus 


V. 
q = (p, Vj) ln 7 


am. 


Substituting the value of ру, V, and V,, we have 


| 3 
4 = (1.013 3 MPa) (1 dm?) x 2.303 x log es | 


| AU and AH for these processes are given below. 
Free expansion Here 


Pext E 0 ; 
Therefore w=] dw=—-] p, dV - 0 : (2.10.6) 


10.5) 


ion of 


r using | 


mv 


ansion 
ainst a 


1q, W, 


Intermediate 
Expansion or 


Compression 
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Solution 
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Thus, g=-w=0 
AU = АН= 0 


Here, the work is done against a constant external pressure. 


| к | 
-Therefore w= – T Pes d=- pu- n) —. (210.7) 


Hence, in the present case, we have 


q=-w= Pos (V; - y) 
. AU- MI 7-0 


It máy be mentioned here that the magnitude of work involved in an intermediate - 


expánsion process will be less than that involved in the reversible expansion. 

Consequently, less heat will be absorbed in the case of intermediate expansion. 

On the other hand, the work imolved in the intermediate compression process is 

larger than that involved in the reversible compression. Consequently, more heat 
will be released in the case of intermediate compression. 


(a) Five moles of an ideal gas at 293 K are mee isothermally from an initial pressure 
of 0.405 3 MPa to a final pressure of 0.101 3 MPa against a constant external pressure of 
0.101 3 MPa. Calculate q, w, AU and АН. (b) Calculate the corresponding values of q, W, 
AU and AH if the above process is carried out reversibly. 

(a) For an isothermal expansion against a constant pressure, we have 


| (V, - V) = nRT \ ART p E - 
w-2-palV;-V)7-pa-———--——-i7- клы 
FERE i р n] Е Py Р, 

Substituting the values, we get 


w =~ (5.0 mol) (8.314 J K mol") 093 K) (0.101 3 MPa) 


1 1 

=-9 135.77 J=-9. 136 2 

Since temperature 1s constant 
AU-0, AH=9 and g=-w 

(b) For an isothermal reversible expansion, we have 

= – nRT n — авт А 

{ Р) 

Substituting the values, we get 


- (5.0 mol) (8.314 J K mot") (293 K) x 2303 x log | $4053 ма 
(0.1013 MPa 


= 16 889 J = — 16.889 КТ 


* v 
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Comparison The changes in the thermodynamic properties in the expansion processes and those 
of Isothermal involved in compressing back to the original state and in the cyclic processes are 
Expansion, ые in the Table 2.10.1 О 

Compression and. = | 

Cyclic Processes 


Table 2.10.1 Comparison of q, w AU and AH for Different Types of Isothermal Processes! 


Process . Expansion Compression — Cyclic 
Reversible | | 
q, Cw) nRT In № | nRT In n 0 
_ AU, AH | | 0 | | 0 | 0 
--Ётее ` EU SLM 
gw) 0 | РебУ, —У;)< nRT In V 0 Pa - V) «0 
AU, AH s Tu | 0 | 0 
Intermediate Е | ү | | | D 
q, Cw) O< PaVa- V) SARTI А-0) ААГ. (Pie - pu); - Vi) <0 
| /, | 
AU, AH _ 0 | 0 0 
. > ee ГА < eee ГА < 
е ‘ 
(i) p x = P| (ii) 0< Pex < Рә (Ш) Pec € Ре 


"Notes: The work involved during expansion is negative as yi is less then Vy This negative work means that the work 
is done by the system on the surroundings. It may be noted that the magnitude of work involved in the irreversible 
expansion will be smaller than the corresponding magnitude of work involved in the reversible expansion. The pressure 
Pex, can have any value ranging from zero to р». On the other hand, the work involved during the compression is 
positive since V; is less then V,. The positive work means that the work is done on the system. The work done during 
irreversible compression will be larger than the corresponding work done in the reversible compression. The pressure 
Pex Сап have a value either equal to or greater than p}. 


2.11 THERMODYNAMIC CHANGES IN ADIABATIC VARIATION IN VOLUME OF AN IDEAL GAS 
j 


In adiabatic expansion or compression process heat is neither allowed to enter nor 
leave the system. Therefore 


g=0 ^ (2111) 
X So, according to the first law of thermodynamics, AU = q + w, we have 
AU=w | (2.11.2) 


If there is an expansion, w will be negative and, therefore, AU will also be 
negative, i.e. there will occur a decrease in the internal energy of the system and 
hence a decrease in temperature will be observed. This amounts to the fact that 
the work is done by the system at the expense of internal energy. 


If there is a compression, w will be positive and, therefore, AU will also be 
positive, i.e. there will occur an increase in the internal energy, and hence an 
increase in temperature will be observed. Here, the work is done by the surroundings 
on the system, which is stored as the internal energy. 
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We have seen that 
q-0 and w-AU . | 
The change in the energy can be calculated as follows. 
Writing the differential of U, we get 


QU' д0 
=|=] ат+| =] dV 
ii (5), (m | 


But for an ideal gas (QU/0V), = 0. Therefore 
dU = (&) ат 
| А97 Ју ДА 
Hence dU - nC, m qT 
For a finite change, we have | 
AU-U,-U XC, (S- T) (2113) 


Thus, we have 

w- AU - nCy, n (T, - T) M 
The change in enthalpy 1 given by: | 

AH = NU + рр) 


= AU + A(pV) = AU + nR AT 
| = nCy m (T - Tj) + aR, Ту) = n Cy „+ R)(D5- T) - 

or AH = nC, m (Ty - Т) 42115) 
Expressions as given by Eqs (2.11.1) to (2.11.5) are applicable to any type of 
adiabatic processes (reversible, irreversible, free). However, the final temperature 
will be different in each case and hence, w, AU and AH will be different. We proceed 
now to calculate these quantities for the two types of expansion or compression 
processes, namely, reversible and irreversible. 


, Reversible Expansion We have 


or Compression 
Process 


Relationship 
between 7 and V 


w= | dw = -| Po dV =-] p, dV 


The integration in the above expression cannot be performed directly, because 
Ру is a function of both T and V and both variables are changing in an adiabatic 
expansion or compression process. However, if the final temperature is available, 
the values of q, w, AU and AH can be determined using Eqs (2.11.1) to (2.11.5). 
However, if the final temperature is not available, but the final pressure or volume 
is available, the first step is to calculate the final temperature from the expression 
which relates the initial and final temperatures to the respective volumes or 
pressures. Such expressions can be derived as follows. 


From Eq. (2.11.2), we have 
dU = dw 
Since dU = nC, m dT and dw = — p,,, dV, therefore 
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nCy m dT = – Ро dV 
For a reversible process — 


ре Pint Ë t dp = = Pig 
Thus пСу, m dT = — Pigg AV 
For an ideal gas p = (nRTIV), therefore 


| RT 
пс, „dT =- id dV ог Ci dTo- = dl 


(Note that Cy, ,, 15 Шш heat capacity. The above equation will also be true for — 
more than 1 mole of an ideal gas.) . 
Thus for a finite change, we have 


5. 5o 
| [x sd 
n T m V 


If C, m is considered independent of temperature, then. 


=< |=- Rln| = 2.11.6 
cran (a їз dins 


| GR E C, „IR 
Н ‚т E А 4 
- B7] «8174 
7 1 1 | 2 Re 


Therefore (Dons (Y) = (TP (И) | |. p ow 


Rel 
bet 


The above expression implies that .— 
Tra" V= constant — (2.11.7) 
The alternative forms of this expression are 


RG fae 
A TV Seonstant | (where y= C, убу) (2.11.8) 


or ТУГ!  zconstant 


ре Example 2.11.1 20 g of N, at 300 K i compressed reversibly and adiabatically from 20 dm’ to 10 dm’. 


Calculate the final temperature, q, w, AU and AH. | Pr 
\ 


Solution Amount of N, = 280 0.714 mol 
| | | (28g mol) 


© Т=30К; И =20 п; V,-l0dm 


For an adiabatic reversible process | | Si 


RIC = RIC 
DV, y, m = T, Vi y, m 


ue for 
‘ Relationship 
between T and p 
11.6) 
Relationship 
between p and V 
11.7) 
11.8) 
) án? 
Problem 2111 
Solution 
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1 WU Cy m 3 VIE 
Thus — 7,- T, B -(00x) 2002) = (300K) (132) = 396K 
y, 10 dm | 


Hence, AU=w= nCy n T, Г) - (0.714 mol) Е x8.314J K7 тег!) (96. К) 


= 1 424.69 J | 
; | 7 T Е : 
AH = nC, « (Ty - Т) = (0.714 mol) [as JK" mol | (96 K) 


= 1994.56) . 
Replacing V in Eq. (2.11.7) by nRTip, we get | 


Теш (=) = constant 
р 


со “Eo р = constant (since n is constant) . (2.11.9) 


The alternative forms of this expression are 


-RIC | 
Tp ^" z constant ! 
T p^! = constant (2.11.10) 
ee constant | 


Replacing T in Eq. (2.11.7) by pV/nR, we get 


"4 V Vy mR. 
(=) V = constant 
nR 


Cy, a уСр, mR 


or р = constant (since n is constant) (2.11.11) 
The alternative form of this expression is 

p¥"=constant where — y-(C, m Cy m) (2.11.12) 
After calculating the final temperature from either Eq. (2.11.7) or Eq. (2. П 9) ме 
can use Eqs (2.11.1) to (2.11.5) to calculate g, w, AU and AH. 


Show that the work involved in a reversible adiabatic expansion of an ideal gas from p; 
and У, to p, and V, is given by Е 


nV. = pV. RíCy m 
ф w= 2125 = (ii) sun] | 
pv | \ 


(i) For an adiabatic reversible process 


Р 2 
R 


W = пСу (Те T) = Су | R 


ay 


Example 2.11.2 


Solution 
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Free expansion 
N, 
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Pe 7, 


Cy т Cy mn 
= En phe- pV) 9 (ph; - DV = 
R (р P, i) (р Р, |) y 1 


Са = Cy. m 
(ii) For an adiabatic reversible process 
w 7 nCy m (Те T) =- пСу m (Т, Е Т) 


Using the expression Тр)" ат ( Pe y*/r,m , the above equation becomes 


| [ -R/Cp m RÍCp m 
sn |--ю a п-8) 
| Р ' Pi 


0.410 mol of a monatomic gas fills a 1 dm? container to a pressure of 1.013 3 MPa. It is 
expanded reversibly and adiabatically until a pressure of 0.101 33 MPa is reached. What 
are the final volume and temperature? What is the work done in the expansion? 


The final volume V; of gas after adiabatic and reversible expansion can be obtained by 
using the expression: 
дед" | 
Substituting the values of p,, V., p and we get 
(1.013 3 MPa) (1 dm?)°? = (0.101 33 MPa) У?? 
or Ve= 10? дт? = 3.98 dm’ 


The final temperature T; after the expansion is 


Pe (0.10133 10° kPa) (3.98 dm?) 
I сэш ee ee шш pne E 
nR — (0.410 mol) (8.314 dm" kPa mol К^) 


The work done during the expansion is 
y- (5/3)-1 
= — 0.915 dm? MPa = – 915 J 


Here again, we consider two cases, namely, free expansion and intermediate 
expansion or compression processes. 


In a free expansion, we have 


Pext =0 
Thus, dw--p,,dV-0 


Now according to Eq. (2.11.2), we have 
dU = 0 
Since, for an ideal gas, U = f(T), it follows that the temperature of the gas after 
expansion remains unchanged. | 
Now | dH - dU + d(pV) = dU + d(nRT) = dU + nR dT 
=0+0=0 


Interme: 
Expansi 
Compre 


Calcula 
Temper 


liate 


ifter 


WR, 


Intermediate 
Expansion or 
Compression 


Calculation of 
Temperature 
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For a finite change, we will have — 


w=0, AU =, AT=0, АН=0 


Comparing these changes of properties with those of the isothermal free 
expansion, we find that the adiabatic irreversible free expansion of an ideal gas is 
identical with the isothermal free expansion. 


Here the work is involved against a constant external pressure and is given by - 


w= - Pei (P, Е И) 0.113) 

Substituting this in Eq. (2.11.2), we get 
= AU -- p M-Y) | (2.41.14) 

For an ideal gas, AU is given by 

AU = пСу m AT = пСу n (T, - T) (2.11.15) 
Thé ¢ expression for АН is | | | | 

АН 7 nC, „АТ = nC, NO - T) (2.11.16) 
Eliminating AT from Eqs (2 4015 and (2.10.16), we get | 

AC n „Сп AU- yAU (2.11.17) 

p m Cy n 


Equation (2.11.14) can be employed to calculate w and AU. from the given. 
values of Pes V, and |. Knowing AU, we can calculate AH by using Eq. (2.11.17). 
In some expansion or compression processes, the values of p... р, p, and T, are 
provided. In such a case, first of all we calculate the temperature of the gas after 
the expansion or compression. This can be done as follows. 

Equating Eqs (2.11.14) and (2.11.15), we get 


пСу m (Т, E Т) ~~ Dext (V = y) = Dext (Vi M Р.) 
Replacing V, and V, in terms of T and p, we get 


nRT, nRT 
пСу m (T ee “pas L- -g 
Di Рр 
RT, RT 
o Су„һ(Т,- P) = paa | L- m (2.11.18) 
Dn D 


For a special case, where p,., = p; (the pressure of the gas after expansion), 
we get 


(RT, КТ. 
Cy m (= T) = p (m.m (2.11.19). 
DB Р 
Rearranging this, we get — 
{Cy „+Кр,/ 
T, - T, к P 3 (2.11.20) 
| | Са | 
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Solution 
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Solution 
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After knowing T, from Eq. (2.11.20) (or from Eq. 2.11.18 if p,, is not equal 
to p;), we can calculate AU and AH from Eqs (2.11.15) and (2.11.16), respectively. 


2.0 mol of an ideal diatomic gas at 300 K and 0.507 MPa are expanded adiabatically to a 
final pressure of 0.203 MPa against a constant pressure of 0.101 MPa. Calculate the final 
temperature, g, w, AU and AH. 


For an adiabatic process, q = 0 


W = —Dext (№ S = — рь Са = 


Р) Pi 
AU=w : | 
! n 
Le. nC, m (Т, -Т)- Da, ПК (4 Е а 
P Р) 
VE „(К R) 5 | ra te 
Cy, m for diamotic molecule = 3 Г $2 2 = j^ ; (assuming no contribution 


from vibration) 
Substituting the expression of Cy ,, in the previous expression, we get 


5 Т, Т, 
(in) &-т)=гыла[®-® 
2 Pi D 


5 
or 2 (G= Pu 2-2) 
( D D 


Substituting the values, we get 


2 (т, — 300 К) = (0.101 MPa) | 2% 
2 | 0.507 MPa 0.203 MPa 


30K . .T, | 


Solving for T», we get 
Т, = 270 К 
Thus AU = nC, (T; - Tj) = (2.0 mol) E x8314J K^ mol” ) (270 К – 300 К) 


=- 1247.1] 
AH = AU + nR (AT) = -1 247.1 J + (2.0 mol) (8.314 J K mol) (- 30 К) 
= — 1 745.9 J 
Two moles of an ideal monatomic gas (Cy, m= 12.55 J K^! mot") expands irreversibly and 
adiabatically from an initial pressure of 1.013 MPa against a constant external pressure of 


0.101 3 MPa, until the temperature drops from the initial value of 325 K to a final value 
of 275 K. How much work is done and what is the final volume? 


We have 
AU = nC; m (T; - Tj) = (2.0 mol) (12.55 J K mot’) (275 K - 325 K) 
= 12554 | 
w= Айзере: (V, Vj) =~ (0.101 3 MPa) (V, - Vj) =- 1 255 J 
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Solution 
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ЁТ, _ _ (2.0 то) (8.3143 K mol) (325 К) 


Now У = = 5,334.75 ст! 
D S 013 MPa) 
Therefore У, = ааа Vy = 12 388.94 cm? + 5 334.75 cm’ 


0.1013 MPa 
= 17 723.69 cm! = 17.72 dm’ 
An ideal monatomic gas (Су m = 1.5 R) initially at 298 К and 1.013 MPa pressure expands 


adiabatically and irreversibly until it is equilibrium with a constant external pressure of 
0. 101 3 MPa. What is the final temperature of the gas? 


For: an adiabatic irreversible process 


dU = dV 


Pext 


nRT, a | 


nCy m (T, = Т) = - pa (V5 - V) = — ро | 
p) Di 


Substituting Cy ,, = 1.5 R and simplifying, we get 


fe GE 
LST,- Т) =- Pon (2-3) | 


Substituting the values of p», p, and T,, we get 


| 8K 
L5 (T, 298 K) =- (0.1013 MPa) | 2. —.28K _) 
0.1013MPa 1.013 MPa J 
298K 
2.5 T= LS (298K) + ^17 
447.0K +29.8K | 
jo c DUIS 


With what minimum pressure must a given volume of nitrogen, originally at 373 K and 
0.101 3 MPa pressure, be adiabatically compressed in order to raise its temporau 0673 К. 
Given: Су „= (5/2)R. 


“For an adiabatic irreversible compression, we have 


А == | Poy dV = Pex V = V) 


( 
or Cy ah- T = —Pext ee xj 
Р) Py 


Here рь, = P2 


Thus Cy n (5- n-a- z) 


p; Pi 
Substituting the values of Cy w T», T, and ру, we get 


R(6733K) А(373К) 
p, 0.1013 МРа 


5 
5 62ке) ер, 


A 
`. 


kJ 
ГА 
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S ope 373 p, 


Or — X 300 = – 673 + 
2 ^^ Q1013 MPa 
Hence, р, = 750-673, х 0.1013 MPa = 0386 5 MPa 


Comparison of The Changes in thermodynamic properties in the adiabatic expansion processes 
Adiabatic Expansion are listed in Table 2. ll. 1. 


Processes 


Table 2.11.1 Comparison of w, AU and AH for Different Types of Adiabatic Expansion Processes! 


[ 


Expansion — — w | Т, ` : AU E AH | 
Reversible wznC,4(D-T)«0 ^^ T,«T, АУ = пСу,„(-1)<0 AH = 1C, (T; T) «0 
Intermediate м = nCy m (D-T)«0 — T; «T, AU = псу. (5-T)«0 АН = nC, m (5; T) «0 


. Free w= nC, m (Dj -T)=0 Ty=T, AU” = nCy m (0 -Т)=0. AH” = nC, , (T; -Т)=0 


i) L«T«T, 
(ii) w<w <w” 
(i) AU < AU < AU” 
(iv) AH <AH < AH” 


T, 

0 and |>] |>" | = 0 

0 and IAUISIAU'ISIAU"I = 0 
0 and | AH|>|AH’|>1AH”| = 0 


"Note: Since the magnitude of work involved in an irreversible expansion is less than the corresponding magnitude of 
the work involved in a reversible expansion, it, therefore, follows from Eq. (2.11.15) that the temperature decrease in 


an irreversible expansion will be less than the corresponding temperature decrease in the reversible expansion. On the 


other side, since the work involved in an irreversible compression is larger than the corresponding work involved in 
the reversible compression, the increase in temperature in the former will be larger than in the latter. 


2.12 COMPARISON BETWEEN REVERSIBLE ISOTHERMAL AND ADIABATIC 
EXPANSIONS OF AN IDEAL GAS 
Final yolumes | Let us consider that a gas from initial stage p; and V, undergoes isothermal 
are Same reversible and adiabatic reversible expansions such that the final volumes are the 
same. Let it be represented by V;. Let. р, and p,q; be the final pressures in the 


isothermal and adiabatic expansions, respectively. For an isothermal expansion 
initial p, and V, will be related to the final р and V; by the relation 


\, PV = Piso Vs 

NM 

И Piso 

And for an adiabatic expansion, these variables will be related by 
Pi n! = Padi 4 


ү р | | 
or u == (2.12.2) 
| Vi 


or (2.12.1) 


OCCSSCS 


itude of 
Tease in 
. On the 
olved in 


hermal 
are the 
; in the 
ansion, 


2.12.1) 


Fig. 2.12.1 Comparison 
of the magnitude of 

the work involved in 
isothermal 

and adiabatic expansions 


Final Pressures 
ire Same 
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Since for an expansion V; > V and the fact that y > 1, we have 


Г Жог | 
B | so that Pi PL 
A A Padi Piso 


Thus, Padi P Piso (2. 12.3) 


The two expansions are shown in Fig. 2.12.1. Since the magnitude of work involved 
is equal to the area under the curve, it can be seen from this figure that the magnitude 
of the work involved in the isothermal expansion is larger than that involved in the — 
adiabatic expansion. This also follows from the fact that in the adiabatic expansion, 
temperature decreases whereas in the isothermal expansion, temperature remains 
the same. Since the final volumes:are the same, according to Charles law (р = T, 
V constant) p,q; will be smaller than Pi and thus the magnitude of the reversible 
work involved in going from volume V, to V;(V;> Vj) for and ideal gas is greater 
in the isothermal process than that involved in the adiabatic process. 


Di 


Isothermal 


Adiabatic 


у 
OOOQQCy 
ANA 


(А) 


Let us consider now the expansions in which the final pressure p, is the same. 
Let V... and V, be the final volumes in isothermal and adiabatic expansions, 
respectively. | 


For an isothermal expansion 


p = PeM iso 
7 
ог ШЕ" | (2.12.4) 
р) f | 


For an adiabatic expansion 


pV" = pe V 


| \ ү | Е 
5 (A He (2.12.5) 
Р Vi | 
Comparing Eqs (2.12.4) and (2.12.5), we have 


1 
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Y 
Vio |_| Paai or in ay in| Эй 
A Й h AR 


‚ Since yis greater than one, it follows that 


OR 
or Vaai < Vigo 
— that is, the final volume in the case of an. аи expansion is lesser than the 1 
| corresponding volume in an isothermal expansion. This also follows from the fact | Expres: 
zt ! that in adiabatic expansion, temperature decreases whereas in isothermal expansion, 1 


it remains the same and since the final pressures are the same, therefore, according 
to Charles law (Vœ T, p constant), Vg; will be smaller than У, . 

The two expansions are shown in Fig. 2.12.2. Since the magnitude of work 
involved is equal to'the area under the curve, it follows that the magnitude of 
the work involved in an isothermal expansion 1s greater than that involved in an 


adiabatic expansion. 


et 


Isothermal 


Adiabatic 
Fig. 2.12.2 Comparison of 
the magnitude of the work 


V 
i V / 
V 
SN » 
a ANN 
oe у 
NN 
involved in isothermal and i 
adiabatic expansions y—> 
| | 
2.13 THERMODYNAMIC CHANGES IN ISOTHERMAL VARIATION IN VOLUME OF A | ^ Expres: 
VAN DER WALLS GAS | 


Yn | 


"Reversible Expansion In this section, we derive expressions for q, w, AU and AH for an isothermal 
or Compression\. expansion or compression process involving a van der Waals gas. 
Process The various expressions can be derived as fallows: · 
Expression for w We have 
| dw = - Pext dV 
For the reversible change in volume, we have 
Pext ~ Pint T dp = Pin 
where p;, is the pressure of the gas and is given by 


nRT na 
Ры 7 V-nb ү? 


ТОҢ. 


зап the 
he fact 
ansion, 
:ording 


Expression for AU 


f work 
ude of 
d in an 


i 


Expression for q 


2.13.1) 


Expression for AH 
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Substituting this in Eq. (2.13.1), we get 


(2.13.2) 


The: expression for AU can be derived by using the thermodynamic equation of 


state - | 
| QUY , z) к 
}—| =T]—]| - 
FI Г P 


For a van der Waals gas 


OE- 
\97 у У-и 


| | i3 2 
Thus Ej QUE LU ы т е Ж 
Ут V-nb ~ V-nb \V-nb V ( 
a) | (= 
N =|—| dT +| z> | dV 
Ww BE (2), TA 
For an isothermal process, dT = 0, therefore 
5) ma. 
40= |= | У = —-4/ | 
E T p | 
For a finite process, we have 
Р, 1 
AU = | Ly = tard (2.13.4) 
i | 5» И | | 
From the first law of thermodynamics, we have 
q-AU-w | 
Substituting the expressions for AU and w, we have 
1 
q7 - nia tar |+ nRT | ац на 
5 MW p 5 MW 
V, —n | 
- nRT In CR Q.13.5) 
V, — nb 


3 
Г: 


Example 2.13.1 


Solution 


j 


Example 2.13.2 


Solution 


dta eie 
y, n) т W-m) 5 V: 


= - 2na а-на И тн 
И 


WINE CON MEE 
= 2na | —-— |+ n RTE: —— - — О 2.13.6 
was 3 idi ia cu | 


Calculate the work which could be obtained fom an isothermal réversible expansion of 
1 mol of Cl, from 1 dm? to 50 dm’ at 273 K using van der Waals gas behaviour (a = 0.655 
бле MPa mol”, b = 0.055 dm’ mot”). 


For one mole of a van der Waals gas 


ЁТ. a 
PY y,-b V 
7 2 т. 
Thus w=- | ‘pd, -[ | i = dV, - - RT In E -а tard 
Substituting the values, we get 
| Сотраг 
| ‘50 – 0.055 маке! 
w = – (8.314 7 K mol) (273 К) x 2.303 х log | | Reversil 
1-0.055 Change 
/ | i a van de 
- (0:655 dm* MPa mol”) | ——— -— with tha 
E dm? mol! 1dm? =a | 
| Gas . 
у = – 9 006.73 J mol! + 0.642 dm? MPa mol” 
=~ 9006 7 KJ mol”! + 0.642 kJ mol" 
= 8, 365 7 kJ mol 
One mole of a van der Waals gas at 300 K expands isothermally and reversibly from a 
volume of 10 dm? to 30 dm’, Calculate q, w, AU and AH. Given; a = 556 ёте kPa mol” 
and b = 0.064 dm? тої". 
For one mole of a van der Waals gas, we have 
w=-RT In Ё 4 ZH ua 
| EU Comme 
Substituting the given date, we have Table 2 


w = – (8.314 J К^! mol) (300 K) x 2.303 x log | 
\10-0.064 


30- "4 


l f l 
- (556 dm® kPa mol?) | ———— -— + 
eae) s dm? mol! 10 dm? =a 


rom a 
mol? 


Lo" 


Comparison of a 
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= — (8314 J mol) (300) (2.303) (0.4790) + (556 dm? kPa mot”) (s 
= 2.1514 J mol! + 37.07 J mol! 
=~ 2714.33 J mol”! 


NE | 
AU--al—-— — of?) | 
aa 1. l ux | ср ul 


2 1 
= 37.07 J mor! 


д = RT In Е = 2.1514 J mot” (= AU - w) 


мет | = = “к АБА 
\,-b V-b) AV К) -b *hn-b) 


= (8314 JK" mot) (300 К) (0.064) | 1-1: 
30-0060 010-006), 

| + 2 (37.07 J mol!) 

=~ 10.733 J mol! + 74.14 J mol : 


= 63.407 J mol! 


Table 2.13.1 compares the expressions m q, w, and AU for a reversible isothermal 


Reversible Isothermal change in volume of a van der Waals gas with those of an ideal gas. 


Change in Volume of 
a van der Waals Gas 


with that of an Ideal - 


Gas 


Comments to 
Table 2.13.1 


Table 2.31.1 Expressions of q, (и) and AU for Isothermal Reversible 
Change in Volume of van der Waals and Ideal Gases 


Variables 


van der Waals gas Ideal gas. 
s da V, -b V, 
q TE = nRT ln y, 
V. 
(-w) ru 220 fa Th ү 
, (1 
а 


• From the expressions of q, (— w) and AU for a real gas, we find that 


(7 W)reat = dii А 
Thus, in expansion, whole of heat absorbed is not available for the work. A part of the 
absorbed heat (usually a small fraction) is utilized increasing the internal energy of 
the system. This energy is stored in the system as the potential energy as it is utilized 
in overcoming the forces. of attraction between the molecules. (See, Example 2.13.2). 


- In compression, ће effects are just reversed of the effects described above. 
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• Since in expansion, 
V, «V, > иб < иб = - Vnb >- Vnb 
=» VV, - Гир > VV, = Vnb 
= V, (И - nb) > V, (V, — nb) 
we will have 
V,-nb. СА 
7 Fan y, 
Hence | dua? idea | 
Thus, to carry out the same increase in volume, heat absorbed in case of a real gas is greater 
than the correspondirig heat absorbed in case of an ideal gas. 
• In most real gases at ordinary temperature and pressure, increase in potential energy 


during the expansion process is such that 


real 7 AUK ideal 


‚ indicating that =! | 


(^ Wheat $ С W)ideal 
that is, the net work of expansion in case of a real gas is smaller than the corresponding 
work involved in the expansion of an ideal gas. 


Irreversible Expansion or Compression: 


Intermediate ` 
Expansion 


ar. 


Free Expansion 


Lak 
EC 


EAS 
РЕНИЙ х-и 


N 


The various expressions are as follows: 
Expression d w We have 
| dw - Dex dV | OO og m cde 
w-- Pas (= V.) | „ x ABN 
Expression for AU The expression for AU will be the same as that given by 


Eq. (2.13.4), ie. — 


"wp d.d 
AU = -ra E - L) (2.13.8) 
Expression for q From the first law of thermodynamics, AU = q + w, we have 
q=AU-w | 
=, = _ =) TA Е (2.13.9) 
X5 RH 
For an isothermal free expansion, we will have 
dw =0 | (2.13.10) 
| | 1 Ja WP 
AU = -nla tar (2.13.11) 
ees tard | (2.13.12) 
‚ж We ! 


Note that during the. isothermal free expansion, AU and q are not equal to zero. 


There will Бе ап absorption of heat which is utilized-in overcoming the forces of - 


attraction of the molecules and is stored as the potential energy. 


(244 1 


( 
Revers 


Expres 
Chang: 


Calcul; 
Tempe 


Me. 
sé. 
5 


ading 


3.7) 
Tn by 


3.8) 


ауе 
13.9) 


3.10) 
3.11) 
3.12) 


zero. 
es of 
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E 14 THERMODYNAMIC CHANGES IN ADIABATIC VARIATION IN VOLUME 


OF A VAN DER WAALS GAS 
Reversible Expansion or Compression Process E 


Expression for 


Change in Energy 


 Inthe adiabatic process, we have 


470 md AU-w 


The change in energy can be calculated as follows. 


. .. Writing the differential of U;weget. : ^ с 


Calculation of 
Temperature - 


w= (©) a or 
oT oV 


Making use of Eq. (2.13. 3), we get k 


(dU = nC, AT 4 a А 


Ко ога finite process, we have 


nna 
AU = | TA are „ү 
Assuming Cy m to be independent of temperature, we get 


1 
AU = nCy (T; - Tj) ~ ѓа | —- 7 


(2.14.1) 


(2.142) 


(2.14.3) 


. Thus knowing Tj, ТУ, V, and V, for a given process, we can calculate AU 


fom Eq. (2.14.3). 


In some expansion processes, the value of Г, is not provided. In such a case, first 


process. This can be done as follows. 
For a van der Waals gas 


_ ART oma 
V-nb y? 
Substituting Eqs (2.14.2) and (2.14.4) in the expression 
dU = dw = - p dV | 
| na . nRT та 
we get nCy dit — dY И-И 
' V V - nb V 
o c,,dr=~ M ду 
| V — nb 


. Separating the variables, we get - 


aT pw 
T V— nb 


П 


. ofall, we calculate фе temperature of ће gas after the expansion (or compression) 


(2.14.4) 


a 

ЭП 
vp 
КА 
xí 
У; 
% 
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Expression of 


Change in Enthalpy 


{ 


Example 2.14.1 


Solution 


N 


Integrating the above expression, we have . . 


(c GR 
Can (2)- ый]. um - nb. « (8 [a is) 
AG) a -nb f V, -nb 


or Т, wih (V, : nb) = em (V, —nb) or TOf (V - nb) m constant | 
or Т Ae nb) er er, == constant | | (2.14.5) 
Thus for a given adiabatic reversible expansion, we will have 


Т.У, - tb)" ^» = Т, — nb Cr 


(2.14.6) 


Непсе knowing Т p V, and V,, the value of T, can be calculated from 


Eq. (2.14.6). Finally, the substitution of T, in Eq. (2.14.3) gives the value of AU. 


The enthalpy change in the present case can be calculated as given below. 


AH = AU + A(pV) 
anda у | 
V-nb ү? 
Т. VT, | I 
= AU-- nR | = – 11 | ра ү 2.14.7 
TIPS. V, — nb V, n ш 
Substituting AU from Eq (2.14.3), we get 
м r 1) („у Wh) 
È был ыы (ey pA a КИИН ы ШЕ 
АН = nCy a (Ty - Т,) IE d n ra y, - nb 


(2.14.8) 


One mole of chlorine undergoes adiabatic reversible expansion from 1 dm? to 10 dm? with 
initial temperature of 273 K. Calculate q, w, AU and AH if the gas is considered a van der 
Waals gas. Given: a = 655 dm kPa mol”, b = 0.055 dm? mol, Су „= 33.91 J K' тог". 
Since the gas undergoes adiabatic reversible expansion, 

g=0 


w=AU=C, „(Т)-1Т)-а zz 


(OA И) a-b И). 


To calculate AU and AH, we need to know T», which can be determined from the expression 


Irrevei 


Interrr 
Expan 
Comp 
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таш ante СТРУ 
уруна ( 1- 0055 
зо, NOE 


= {273 К) (0.562) = 153.3 K — 


Hence, w=AU = E (153.3 - 273) ч - J Jmol’ 


x 
145) = (- 4059.0 + 589.5 ) J mol" 
| (2-346951 mot" 
‚ч ИТЕ {10)(1533) (1273) | 
H = \—3 469.5 – (655)| — - - }+(8.314), - | or! 
Ed | a (s 1 { | 100.055 om an 
| - (- 3 469,5 + 589.5 — 1 120.2) J mot! 
14.6) =~ 4 000.2 J mol" 
from Irreversible Expansion or Compression Process 
f AU. | 
Intermediate The various expressions are as follows. 
Expansion or ! 
= – V, - V. 2.14.9 
Compression i | Pex 0 7 Vi) ) 
q=0 ` {adiabatic process) (2.14.10) 
AU = q+ W=— Poy (V2 - V) (2.14.11) 
The temperature of the gas after expansion may be determined as follows. 
For ап adiabatic process 
14.7) dU = dw 
Writing dU in terms of dT and dV, we have 
Е] dT + "(m dV = dw 
Є] 
14.8) Í um 
Or nC, „dT + yi dV = - p, dV 
г with А | 
n oo Су AP =— 9 dV - pog 
mol | V 
7 | 
i. ou 
or пСу т (T5 - Т,) = n a z- y, )- 7 Рец (V5 - 
pk Я | 
] “ке + in aj — н e y. -/) 2.14.12 
ог Т; = T, "UN E L Pex -r ( ) 
Since for expansion У, > V, it follows that 
ression <T 


Knowing 7}, AH can be dètermined using Eq. (2.14.7). 
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Example 2.14.2 


Solution 


Free Expansion 


—————————————————À—À——- 
One mole of chlorine undergoes adiabatic expansion from 1 dm? to 10 dm against an 
external pressure of 1 bar. The initial temperature of the gas was 273 K. Calculate q, w, 
AU and AH if the gas is considered a van der Waals gas. Given: a = 655 те kPa mol, 
b = 0.055 dm? mol, Cy „= 3391 J K тої". 


Since the gas undergoes adiabatic irreversible expansion, 


4= 0 
AU = W = — рь (Vy - V) 


F ui» aUa [enl Т, _ а 
(OW VK) 12-6 h- 
Thus — AU- w- – (100 kPa) (10 дт? – 1 dm?) mot! = – 900 J mol” 


To calculate AH, we need to know T», which can be determined from the expression 


LLE qx 
Ла; 
Т, = =T,+ H i z- Ра (0 a 


| 
= (273 o+ axi 100 (10 — дк 


= (273 К) + —— [589.5 – 900] К 


1 
33.91 
= (273 – 43.93) K = 229.1 K 


Непсе їн=|-%- (2-1) sau 


10-0.055 1-0.055 
= (- 900 + 589.5 — 486.6) J mol’ 
= — 797.1 J mol! 


10x 229.1 1x 273 | Р 


For a free expansion, we will have 

w-20; g=0; AU=0 
The temperature of the gas after expansion may be derived from Eq. (2.14.12) by 
substituting p,,, = 0. Thus, 


pie es (2.14.13 
l A пСу m Д И B | 


Since for expansion V, > Vj, it follows that Ту < T,. The decrease in 
temperature in the present case will be smaller than that for a non-free expansion, 
i.e., Т) > Тү. It is worth noticing that AU for the free expansion process is zero 
in spite of the fact that there occurs a decrease in temperature of the gas. This 
decrease in temperature is due to the fact that some heat is required to overcome 
the forces of attraction between the molecules. The work done in this process 
is stored as the potential energy. Thus, during expansion, kinetic energy of the 
molecules is converted into potential energy without changing the overall energy 
of the system. In other words, the decrease in energy due to the temperature fall - 
is exactly equal to the increase in energy.due to the increase in volume of the gas 
and hence sum of these two Is equal. to Zero. | 


inst an 
з q, W, 
mol”, 


Example 2.14.3 


Solution 


Problem 2.14.1. 


12) by 


14.13) | 
i I Solution 
‚456 in E 
ansion, i X 
is zero t 
s. This 
згсоте 
тосе$$ 
of the 
energy 
ure fall 
the gas 


CONS 


э 
v 
` 
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One mole of chlorine undergoes adiabatic free expansion from 1 dm? to 10 dm’. If the 
initial temperature of the gas. was 273 K, calculate Ты q, W, AU and AH if the gas is 
considered a van der Waals gas. Given: a = 655 dm kPa mol”, b = 0.055 dm’ mol |, 
Cy, m = 3391 JK mol. 

Since the gas undergoes adiabatic free expansion 


Thus, we have 


1 
———| 655| —-1}|К 
EI (2. 1) 


589.5 
213-——\|К= 
-[ 33. 3 К = 255.6 K 


ETE ANE 10x2556 - 
“АН = | -655| —~- | 48314 
| | s jJ. rs 0.055 


1x273 | ae 
© 1-0.055): 
= (589:5 – 256.0) J mol! = 324.5 J mol! 


One mole of a certain gas obeys the equation of state p( V — b) = RT and has a constant molar 
heat capacity Cy „ which is independent of temperature. The parameter b is a constant. For 
one mole, find AU, w, q, and AH for the following processes: 

(a) Isothermal reversible process 

(b) Isobaric reversible process 

(с) Isochoric reversible process 

(d) Adiabatic reversible process (in terms of Ti, py, p», V1, Yo C, m and с, ad 


(e) Adiabatic irreversible process (in terms of р, р), Г) against a constant pressure p». 


(a) Isothermal reversible process, dT = 0 


i ? 
=- [pave | вие Seer 
A (V – 6) i -b P 
AU: Change in the energy can be evaluated by employing the thermodynamic equation 
of state: 
] | y - RT 
(=) -r(2) -psr [ETK 2» ae, 
oV OT /y oT ү y -b 
|» This AU=0 (this 1s to be expected, since a = 0) 
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q: According to first law: © 
g=AU-w= 0+RTIn aS bord 


7 Р) 


AH: AH=AU+ Ару) = 0 + A(pV) = A(p) 


RT RIV — 
Since P= Сү therefore pV = vss 
V, V, V,-b+b V,-b+b 
Hence AH = A(pV) = srh m gie att 1 | 


V-b W-b 


(b) Isobaric reversible process, dp - 0 


w: w--pldV2-p(V,- V) 
7 

AU: AU= |20, AT = Cy v (T5 - T) 
1 


“Cyn 05-0 AD]. a qr 
R R R 


q, and АН: q, = AH = AU + Ару) = AU + (АУ) 


(Су m +R) 


7 V) + pV, - Vi) = R 


^ (QU av 
For this ges Cpm- Cra = |27 (у) far), 


Since (90/90); = 0, we get 


p-n) 


j av R 
Cp, m ur (Fl uw 
| ог Cy mt RT Cin 
C m 
X Thus = e pV,- V) 


(c) Isochoric reversible process, dV = 0 


w: w--[pdV-0 


q, and AU: q, = AU = [? Су dT = Cy p (T, - T) 
V V Т Vim ,m V2 1 
1 


= Cg (BED А00) Ss (у-уу 
,m | R R R 


AH. AH = AU + NV) = AU + ART + pb) = AU + R(AT) + БАр) 


чё, 


EA 
ya. 
`. 


P es | му, 


M. 
ЕЕ 
v 


Zeroth and First Laws of Thermodynaimcs 101 


Р | 
> zz (V - b) (p - pi + R(T, -T,) + b (p; - py) 


С 


= 22 (9-8 (р) +b (p-p) 


Alternatively, we may proceed as follows. Employing the thermodynamic equation 


(oH ) (=) 

: = V _ T —~ - 
| др Jr o7 7, 
we find that 


(= -y-TÊ-4 
Op jr p 


| (ӘН oH 
Th di-1—]| dT4|— 
d | Gr Е |* 
= Cm dT + b dp = C, m (T2 - T) +6 (р-р) 
| Со | 
=R (V-b)(p-p) + b (р-р) 


(Note that C, m is also independent of temperature.) 
(d) Adiabatic reversible process, dq = 0 


q: q=0 
wand AU: AU-w- Cy & (T; Т) 
AH: AH = C, «(T - T) + b(p, - py) 


Since the results are to be expressed in Tj, р, p» Vi, Vo C, m and Cy m we will have 
to eliminate T, in the above expressions. This can be done if a relation between V and T is 
known for this gas. This relation can be derived as follows: 
we have 

dU =- p dV 
i.e. Cyn dTo- Td 


Integrating this expression, we get 


C, ,, In 2-а) 
"1 у =b 


-RICy m 
Or In 2-1-2) 


p^ y) 


1: V, -b -RICy m К V, -b каа E V, -b =] 
“ Tq (nob V -b {= 


ог nan [= 
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2.15 MISCELLANEOUS NUMERICALS 


TOM EE | E y -b es 
Therefore, AU=w=Cy «(T5- Т) = Cy T, 27 -1 
| ‚- 


Solution 


| y- ] 
and АН=С „Т, =) E +b (0-р) 
(e) Adiabatic irreversible process, dg = 0 | 
4. g=0 | 
AU and w: AU= w= | ~ pas dV =~ pa (V; Й) 
Now Pex = p», the final pressure, and so 


AU =w= р, (V; - Б) - (V, - b) 


AH: MISC, ,(T)-T,)+ Ыр, - pi) 
Since the results are to be expressed in T, we have to eliminate Т, in the above 


expressions which can be done if a relation between p and T is known. The required relation 
can be worked out as follows: - | 


Since AU 7 w, we have 


AU = - p,AV = - py (Vy - Vj) 


Cyn (Т,- Т) =-р, к 
Р› Di 


af RT, . 
or Cy m (T-T) = - RT; + p; asd 
Te | p 
mj f t0. же ` ЁТ. 
or T(Cy m + R) = Cy, m Ty + p; — 
| 


Rp; П Rp, 
or TC, n= Т [6 + m) or D=- le 42 


Eliminating T, from the expression of AU and AH, we get 


P "ма 
Y\ A 


АН = RT, (2 : b(p, - pi) 
D 


1. 20.0 ат? ofan ideal gas (diatomic, Cy „= 5R/2) at673 K and 0.7 MPa expands until pressure 
of the gas is 0.2 MPa. Calculate q, w, AU and AH for the process if the expansion is: 


(1) Isothermal and reversible (1) Adiabatic and reversible 


Wes 


iso uA 
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(iui) Isothermal and adiabatic |. (iv). Against 02 MPa and adiabatic 
(v) Against 02 MPa and isothermal 


mon TIED ] uS ^ 


vc demi andi eti Metro NUT tentem vium 


Solution From the given data of V; = 20.0 dm’, Т, = 673 K, and p; = 0.7 MPa, we can determine the 
| amount of the ideal gas as given below: 
_ pV ___(0.7x10" kPa) (20.0 dm’) 
RT (8314dm? kPa K mol (673 К) 


———— Ea 
if 


n = 2,502 mol 


(i) Isothermal and reversible For an isothermal reversible expansion, we have 


w- - nRT In Yi RT in 2 
/—— = (2502 mol) (8.314 I K mol") (673 K) x 2.303 x log | 7 MPa 
F 0.2 MPa 
=- 17 541.2 J = ~ 17.54 kJ 
Since T remains constant, AU = 0 and AH = 0. 
According to the first law of thermodynamics, 
q=-w=17.54kJ 
(ii) Adiabatic and reversible For an adiabatic process q = 0 and AU = w, therefore 


seep ENE OAE E ALN E E I aR 


a S = AU = nC, n (Tz - T) 

relation M | q 
Те can be calculated using the formula 1 
pT, nm! ртт 1 
4 
C pm | С p,m | d 
ог log( p/MPa) – i log (T;/ К) = log (p, /MPa) - Р log (T/K) A 
Therefore | 
в [| Са | | 
log(T;/K)= с) log (p; / MPa) ~ log (p, / MPa) + E log (T,/K) i 
p,m { d 
Д 7 i 
E log (0.2) - log0.7) + ; 98 (673), 1 
| = 26725 1 
| Hexe 7,=4704К | 
Thus — w=nCy (T;- T) : 

; -= (2.502 mol) (2.5 x 8314 J K moL 44704 K - 673 К) 


=~ 10 536 J = — 10.536 kJ 
AU = w =— 10.536 kI 
AH = AU + A(pV) = AU + nR(AT) | 
= -10 536 7 + (2.502 mol) (8.314 J K” mol) (-202.6 K) | 
= 10536742144] 
=-147504]=- 14750 — | 


(iii) Isothermal and adiabatic For a process which is isothermal as well as adiabatic, 


pressure we have 


asion IS: q = 0, AT = 0, AU-0 and AH=0 


All these values can be zero only if the expansion is a free expansion. 


ке, T c 
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Y 


Solution | 


(iv) Against 0.2 MPa and adiabatic For an adiabatic irreversible process, the temperature 
Те after the expansion of the gas can be calculated as follows. 
AU-w- = 7 Pext AV- 7 Pext V- V) 


nC, m us Т) = 2d - Pert | "| 


Pt Pi 
= олти м) 
Рел Fi e 57 

Substituting the values of Су m Pex Pp p; and T;, we have 

5 C S 

2 (7, ~ 613 K) = (02 E E 

2 | 02MPa 0.7 MPa 

CE M | 
A u- ne arene 

2 2 07 


а T,= 13 T AL 


= 535.7K 
Thus AU = nC, m (Те- Т) 
= (2.502 mol) (2.5 x 8.314 } K mol) (535.7 K ~ 673 К) 
--7140.16 = 7.14 К] 
у=—7.14Ж] 
AH = АП + nR(AT) = = – 7.140] + (2. 502 mol) (8. 314 K” mol) 
SU (535. 7K -673 K) 
= 7.14 KJ -2 856.1 J -9996 kJ 
(у) Against 0.2 MPa апа isothermal For an irreversible isothermal expansion, we have 
W=- pag AV =- pa Ve- V) 
The final volume of the gas can be determined using the ideal gas equation, 


PY, _ (0.7 MPa) (20 dm’) 


„= 
f. p (0.2 MPa) 


= 70 dm’ 


Thus w=- (0.2 MPa) (70 dm? – 20 dm?) = — (200 kPa) (50 dm’) 
= — 10000 J = 10.0 k] | 


AU =0 
AH = | since АТ = a 


2. A 32 р abi of CH, gas initially at 101.325 kPa and 300 К is heated to 550 КО 
С, II K mol = 12.552 + 8.368 x 10° (TIK). Assuming CH, behaves ideally, compute 
w, q, AU and AH for (a) an isobaric reversible process, and (b) an isochoric reversible 


process. 


Amount of the gas = = 2 mol 


3g 
16р тог" | 


ature 


73 K) 


e have 


550 K. 


этрще 
rersible 


сә 
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(a) Isobaric reversible process (dp = 0): 
47 AH- | nC, AT 
(n -1 4 ace v 2 rg 1-1 
=n f. {012.552 J K mot) dT +48.368 x 10° J K? mot) T dT} 
1 А 
: | T | Т? \ 
=n lass ЈК! mol) (Т, -1,) (8.368 x10? JK? тог ® E | 


Substituting the values, we get 


í 


q, = AH = (2 mol) J K- mol (550 K — 300 К) 


(550K)? (00K)! | | 


+ (8.368 x 107 J K? тог!) | л ; 


-2(8 138 J + 8 891 J) = 24 058 J 
. ff 
w=- [р-а f? @Т=- mol) (8.314 1 K” mot) (550 K — 300 К) 
= x" 


= - 4 157]=- 4.457 0 
AU = AH - MpV) = АН - nR(AT) 
= (24 058 J) – (2 mol) ( $314 J K^! mol’) (250K) - 
-240581-415712 19901 J 
(b) Isochoric reversible process (dV = 0): : 
Суъ= Cp mR = (4.238 J K^ mot") + (8.368 x 10% J к? mol') Т 
q,7 AU- | nG,,, dT-n ү ЈК mor, - T) 


p» qe 
+ (8368 x 10? J K^ mol’) · v - * 


= Q mol) [ J K mol”) (550 K - 300 K) 


+ (8.368 x 107 J K? mot) |6007 - coon 
= (2 mol) (1 059.5 J mol’ + 8 891 J mol”) 
= 19901] . 
АН = AU + A(pV) = AU + nR(AT) | 
=19 901 J +4 157 J =24 058 J 
w = 0 since dV = 0 


. One mole of an ideal monatomic gas (Cy, a = 1.5 R) is subjected to the following sequence 
of steps: (a) The gas is heated reversibly at.constant pressure of 101.325 kPa from 298 K 
to 373 К. (b) Next, the gas is expanded reversibly and isothermally to double its volume. 
(c) Finally, the gas is cooled reversibly and adiabatically to 308 К. Calculate q, w, 
AU and AH for the overall process. 
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Solution | Step (a): Isobaric reversible process ` 
373K 373K 
q7AH- | C,,dT- [* €, * dT 
298K 298 K 
= (2.5 х 8314 J K mol) (373 K - 298 К) 
= 1 558.88 J mol” 
AU = Cy AT = (15 x 8314 JK" mol”! ) (373 K - 298 К) 
-93533]mod! .. .— 
w = (АИ) = AU АН = (935.33 — 1 558.88) J mol! = — 623.55 J mol! 
_ Step (b): Isothermal reversible expansion = 
= and VQ-2y 
5 


= – (8.314 J K mol’) (373 K) x 2.303 x log (2) 
| 


= - 2 14971 J mol! 


w = -КТ In 


Since temperature does not change | | 
AU-0' and AH=0 
and according to the first law — 
q=-w=2149.71 J mol! 
Step (c): Adiabatic reversible cooling 
q=0 _ 
w= AU = Cy „ (Ty - 1) = (1.5 x 8314 J K^ mot’) (308 K – 373 K) 
= — 810.62 J mol 
AH = C, (Т; - Т) = (2.5 x 8314 J K` mol) (308 K - 373 К) 
=- 1 351.03 J mol! 
For the overall process, the values of q, w, AU and AH are 
411 mol! = 1 558.88 + 2 149.71 = 3 708.59 
{ wl] mol! = — 623.55 — 2 149.71 — 810.62 = — 3 583. 88 
AUIS mol = 935.33 — 810.62 = 124.71 
AH/J mol! = 1 558.88 — 1 351.03 = 207.85 


Soli 


L9" 


4. One mole of an ideal gas (not necessarily monatomic) is subjected to the following 
X sequence of steps. 


(a) It is heated at constant volume from 298 K to 373 K. 
(b) It is expanded freely into vacuum to double volume. 
"n (c) It is cooled reversibly at constant pressure to 298 K. 
4i Calculate q, w, AU and AH for the overall process. 
Solution — Step (a): Isochoric process 
| | 373K. | | | 
ауе AUS Í Cy dT 7 С, „(373 K - 298 K) = Cy, (5 K) 
| 298K . 
w-0' сй 
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AH = AU + A(pV) = AU + A(RT) 
= Су m (75 K) + (75 K) R= (15 K) C, m 
Step (b): Free expansion 
q=0, w=0, AU=0 and AH=0 
Step (c): Isobaric process 
| 298K 
ь=АН= | C, dT- C 5E), 
373K 
w=-J|pdV=-RAT=(75 К) А 
' AU=JCy „= (715 K) Cy m 
For the overall process 
© g = (5K) C, ,- (75 K) Gy, m 7 - (75 K) (C, m- Cy, m) 
=- (75 К) R= - (75 К) (8314 J K’ тог!) 
| = 623.55 J mot! 
w = (75 K) R = (75 К) (8314 J K” mol) 
= 623.55 J mol! | 
AU = (75 K) Cy m- (75 K) Cy =0 
АН = (75 K) C, m- (75 К) C, „=0 


S. The cubic expansion coefficient of water at 293 K and 101.325 kPa is 2.1 x 10^ Ka, 
Calculate approximately, the work attending the heating at 101.325 kPa pressure of 
1 mol:of water from 288 K to 298 K. Compare this with work involved in heating 
| mol of an ideal gas from 288 K to 298 K. 


Solution From the cubic expansion coefficient 


we get dV=aVdT (p constant) 
Thus dw=-pdV=-p{aV dT) or w--poV AT 


j 
Now p=101.325kPa; .a@=21x 107K" 
V = volume occupied by 1 mole of water = 18 x 10? dm’ 
AT = 298 K – 288 K = 10K 
Substituting these values in the previous expression, we get 
X, 


w = – (101.325 kPa) (2.1 x 10“ K”) (18 x 10? dm’) (10 K) 
=~ 3.83 x 10? kPa dm’ = – 3.83 x 10° J 


Work involved in case of an ideal gas 


w=-]pdV=-ÍR dT=- (8.314 J K mor’ (10 K) = – 83.14 J mol! 


6. The isothermal compressibility of water at 293 K is 4.9 x 10° atm ! over the range 
1 to 25 atm. Calculate the work attending the compression of 1 mol of liquid water from 
a pressure of | atm to 25 atm at 293 К. Compare this with work involved when 1 mole 
of an'ideal gas is compressed from 1 atm to 25 atm at 298 К. 
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Solution — From the isothermal compressibility 


Eis (| 
Т^ yiop a 
we get dV =- ку dp (T constant) | | 
Thus dw =- p dV = + kVp dp 
— Integrating this expression within the limits of p, and p», we get 
2 2 
w= KV p T PL 
2 2 


Substituting the values of ку, V, p, and p; we get 


: (49 x10 atm (18x10? йт?) 
= 2.752 x 10 dm? atm = 2.752 x 10 dm? (101.325 kPa) 
= 0.002. 79 J 
For an ideal gas, the work involved is —— 
pee [pd = 2 - RT nL 
V Py 


=~ (8314 J K^ mol) (298 K) x 2.303 x log | 12 
7 | 25 atm 
= 7.916 x 10° J mol = 7.976 kJ mol | 


REVISIONARY PROBLEMS 


2.1 State the zeroth law of thermodynamics and discuss its necessity in the laws of 
thermodynamics. | | 


22 The fist law of thermodynamics is essentially a law of conservation of energy and 
IS Written as 
dU = dq + dw | 
(i) Explain the symbols involved in this expression. 
(ii) Prove mathematically that q and w are not state functions. 


2.3 Show that the heat absorbed at constant volume condition is equal to the increase 
in the internal energy of the system whereas that at constant pressure is equal to 
the increase in the enthalpy of the system. 


\ 2.4 (a) Heat capacity of a system is defined as 


C= lim |+ 
aT>0\ AT) dT 


Using the first law of thermodynamics, show that 


emp = slm) 
PE Ce P RUE, 


(b) Derive the following relations: 


| се] Дж, во) 


laws of 


теу and 


increase 
equal to 
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s-e- G0.) 


2) (7. ; (dp/ aT); 
C- =TV œ /k,=-T 
Ii сот дТ Кт (3p/9V),, 


(c) Derive the value of C, „ - Су m for an ideal gas. 
(d) Show that C, m — Cy, for a van der Waals gas is equal to 


r |i- 2a V- al 
| У (p^ а) 


2.5 Prove that if (QUAY), = 0, it follows that (AU/dp), = 0 


2.6 Prove that it does not necessarily follow that if (@U/0V), = 0 then (Н/др); = 0. 


2.7 Show that for an ideal gas 


o esie 


TE e | 


‚‚ HOH) _ (90 | 265] 
jala —| =C,- 
tv) o | (9) E В ar) 
(a) Describe the Joule’s expansion experiment. What conclusion do you draw from 


this experiment? What is the physical significance of the derivative (dU/OV),? 
Will it have a zero value for a real gas? 


кә 
oo 


(b) Starting from the definition of Joule coefficient, derive the relation 


i- 25) Т 


and hence show that a real gas exhibits: 
(i) heating if p > T (9р/97), 
and (ii) cooling if p < T{dp/dT), 
2.9 (a) Describe the Joule-Thomson experiment. Show that the expansion in this 
experiment is an isenthalpic process. 


(b) Starting from the definition of Joule-Thomson coefficient, derive the relations 


шо tr)" 
AG) 


and hence show that a real gas exhibits: . 


> 
ё 
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ha, 


2.10 
2.11 


2.12 


2.13 


2.14 


2.15 


(i) heating if Y » T (0092), 


and (ii) cooling if V < T (9//97), 
(c) Show that Шу = 0 for an ideal gas. What do you comment about the liquefaction 


of such a gas on the basis of its Шут value? 
(d) What is an inversion temperature? Show that for a van der Waals gas 
| [2a 3abp | 
= ——[—- ——-- b 
RENS T RT? 
(e) Justify the EN that at moderately low pressure and high temperature the 
expression given in part (d) reduces to 


and hence show that’ T, = 2a/Rb. 

Show that (AH/dp), = V-for solids and liquids. 

For the amount п of an ideal gas, derive the expressions for q, w, AU and AH for the 
following processes (involving expansion, compression and the cyclic processes): 
(i) Isothermal reversible process. 

(ii) Isothermal irreversible process against a constant p. 

(iit) Free expansion. 

(iv) Adiabatic reversible process. 

(v) Adiabatic irreversible process. 

(vi) Adiabatic free expansion. 

Derive the following relations for an ideal gas undergoing adiabatic reversible 
process: 


(i) TV7 = constant 

(i) 7р om = constant 

(iii) pV"=constant, where у= С, „Су 

Do these relations hold good for an adiabatic irreversible process? 

Show that the work done-by an ideal gas in a reversible adiabatic expansion from 


RG 
(i) ж=- CT; | A 
Pi 


p, and V; to p, and V, is given by 


@ w= (p Ve- p; Vi (y- 1) 


Justify the following statement: 

(a) The magnitude of the reversible work involved in going from volume V; to V, 
(V, > Vj) for an ideal gas is greater in isothermal process than in adiabatic 
process. | 

(b) The magnitude of the reversible work involved in going from pressure p, to p, 
(p, < pj) is greater in isothermal process than in adiabatic process. 

(c) The reversible work of compression from volume V, to V, for an ideal gas is 
less than the corresponding work involved in the irreversible compression. 

(d) Final pressure in an adiabatic expansion of an ideal gas is less than that of the 

‚ isothermal expansion to the same final volume. 


А certain gas obeys the equation of state p(V — nb) = nRT and has a constant volume 
heat capacity Су which is independent of temperature. The parameter b is constant. 
For one mole, determine w, q, AU and AH for the following processes: 


faction 


ure the 


for the 
esses): 


rersible 


yn from 


Vi to V, 
diabatic 


pep. 


il gas is 
лоп. 
at of the 


. volume 
'onstant. 


246 


247: 


2.18 


249 


2. 


Zeroth and First Laws of Thermodynaimcs 111 


_ (i) Isothermal reversible expansion. 


(ii) Isobaric reversible process. : 
fiii) Isochoric reversible process. 
fiv) Adiabatic reversible expansion (in terms of Tj, Vi, V», ру, p; and Су). 


(v) Adiabatic irreversible expansion (in terms of ру, p), Т!) against a constant 
pressure р). a 


Show that for a van der Waals gas involved in an isothermal reversible expansion 


w= -nRTIn. Да Wit S 
-nbj] . AV, И 
ans (ic 6 AU = - an? x 
Ит) VV, 


Sg? | ecl a PRT NE 
y Wj - V,-nb V -nb 


For a van der Waals gas 


a 
Вбр ү ! 


Show that T CV. w^ (V — b) = constant in a reversible adiabatic expansiori. 


Derive the following expressions for the isothermal irreversible expansion of a van 
der Waals gas against a constant pressure of Pee 


и = — Pext (ЁЎ,- V) 


bL. {фк 1 
AU alt 3l d “© 3 + paa (7; - Й) 


(a) Derive the following expressions for the adiabatic irreversible expansion of a 
van der Waals gas against a constant pressure of p. 


weep (= ү); 4=0; AU =- pa (Vo - Vi) 


(b) Show that the temperature of the gas after carrying out the expansion process 
of part (а) is given by 


| ES 
V,-V)* ———1 
at Past 2 1) n Д0 Al 


(c) Show that the temperature of a van der Waals gas after carrying out the adiabatic 
free expansion from V to V, is given by | 


Т» = Т + | шав 
и. nC, m \№ И 


Interpret the fact that T; # T, in spite of the fact that AU = 0. 


Т, = Тү+ 


TRY YOURSELF PROBLEMS 


Since Cy = (dU/dT), by definition, one often writes without any restriction, AU = 


‚СУАТ. This is not generally true. Explain why? 


(Hint: dU = (00797), dT + (070); dV 
= Cy dT + (90790), dV; true only for ideal gases.) 


i 


еә 
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2.2 Show that the enthalpy of an ideal gas is a function of temperature only. 
(Hint: because (dH/dp), = 0.) | 
2.3 For a van der Waals gas the Joule-Thomson coefficient is given by 


Show that the temperature of inversion as a function of pressure is given by the relation 


at ya’ -3ab p 
n bR 
24 Show that for a system of constant heat capacity whose energy along a given 
isotherm is constant, the energy depends only on temperature. 
(Hint: dU = Cy dT + (00/90); dV; isotherm means dT = 0, constant energy means 
dU = 0. Hence (#Ш/ӘЁ) = 0, i.e. U = f(T).) 
2.5 Show mathematically that H is a state function 
[Hint: dH = d(U + pV) = dU + p dV + V dp 
Take U = f(T, V) and p = f (T, V), then 


mde) rrr] (8) 
8) oo 


necne] 


2.6 Show that (QU/dp)y = ку Cy /o. 
2.7 Show that both (9H/àp); and (Н/ӘР) are zero for an ideal gas, starting with the 
condition that (QU/dV), is zero. : 


. 28 Show that 
2 ac 2 
E =T oP and T =-Т 73] 
oV T oT y др Т дТ 


Use these results to show that C, and Cy for an ideal gas depend only on temperature. 
(Hint: Make use of the thermodynamic equations of state.) 


2.9 Derive the relationship 
| а) o-un fE) с (Bn 
др jy дТ ), ENOT Jy 


2.10 Given the following information: 
Isothermal reversible expansion 


р, V, Т = —ә Py V, Т 


| Adiabatic reversible expansion | 
| P» Р, Т, 


Adiabatic reversible expansion 
| p» V, T. 


predict qualitatively, whether: 
(i) >T o T,=T oœ Т,<Т 
Py> Py 9 р;=рр OF р, <р 
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(i). Tj» T or Т=Т о Т<Т 
y, 2 V or V, = V or V, < V 
2.11 (a) What is Joule coefficient? Show that it is given by the relation 


ast] 


Aon ] | (b) Form the relation of 1] given above derive the following facts: 
ү (i) T is zero for an ideal раз. 
(ii) 1 is positive if (QU/0V), is negative and vice versa for real gases. 
2.12 The temperature at which the Joule coefficient is zero is called the Joule inversion 
; temperature. For a gas obeying the equation of state 
leans | | 2. - le 

: where B is function of temperature alone, show that the Joule inversion temperature is 
. that temperature for which B is a maximum. If B of a certain gas is given by the equation 


ven 


| | _ Where Бу, b, and b, are positive constants, show that such а gas has по: Joule 
| E inversion temperature. 


2.13 (a) Show that for a van der Waals gas, the Joule coefficient is given by 
If R l a 
da 


je " 7 
Uy. m y. 


CAV = 
(b) Show that a van der Waals gas in Joule expansion exhibits: | 
(i) Heating if а is negative and (ii) cooling if a is positive What is the physical 
significance of a being a negative quantity? Under what conditions is the gas 
expected to have negative value of a? 

2.14 {a) Show that 


"Sad ole) Ce) 


j d In P 
f : Шт = 6, Zi- PES 2: 

ature. 1 | 
| (б) Discuss under what conditions heating and cooling effects are produced in the 
Toule-Thomson experiment involving real gases. 


h the 


7H 


2.15 (a) Show that an adiabatic process in which no work is performed is an example 
\ of constant energy process. 


(b) Show that the change in enthalpy attending an isothermal change in state of an 
ideal gas must be equal to the change in energy. 


2.16 The internal energy of a certain gas depends on volume as well as on temperature, 
and obeys the relation (QU/QV), = a/V’, where a is constant. Prove that Cy for this 
gas depends only on temperature. 


2.17 Show that for a gas obeying van der Waals equation of state 
(а) Cy = f(T) only and (b) C, = f(T, V) 


| | | фәс d 
Hint : Use the formulae. oy =T] — |? : and | — | =-T ud 
ду |, т a jp (97), 


і 
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2.18 


2.19 


2.20 
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2.22 


Show that a process of expansion of an ideal gas which is isothermal as well as 
adiabatic must be a free-expansion process. 

(b) Show that a reversible isothermal- process can also be adiabatic only at T = 0 
and that an irreversible isothermal process can also be adiabatic at T # 6. 


(a) Show that, if a gas obeys the equation of state 
pV=RT+ap, where о = (Т) 
s Ag 
then C, -Cy-R i280 =R+2p $] 
| Кат dT 


(b) For hydrogen, œ = 0.014 2 dm’ at 0 °C and 0.014 8 dm’ at 20 °C. What is 
C,-Cy per mole of hydrogen at 0.101 3 MPa pressure in the neighborhood of 10 °C? 


(Ans. 8.320 J K mol!) 


(a) Show; that at moderate and low pressures the van der Waals equation for.one 
mole of a gas may be written in the form 


7 1 , 
рҮ, = КТ(І - Bp) where B = x Е) 
(Hint: Multiply out ће van der Waals equation, neglect the term ab/ V2 and replace 
y, in alV, by RTIp.) | 
(b) Show that Eq. (2.6.14) can be derived directly from the equation of state given in (a). 


(c) The equation of state given in (a) may be written as pV, = RT + Ap, where A 
is a function of temperature. Show that for this equation of state 


aC 
ENT 
др Jy oT м 


(9) Making use of ће thermodynamic equation of state 


д0 z) 
рК Б ы 
ЕЛ | D m 


Show that for one mole of a van der Waals gas at moderate and low pressures 


B E май С) pl 
др Jr Т др Jr КТ 


Further show that 
uH -b-25. md pp =—— (22-6 
Op Jr RT Cm SRT 
Show that the expression of C, m~ Су m derived in Problem 2.6.1 can be reduced 


to a form as given by Eq. (2.6.14). 


If in Eq. (2.6.13), (Vn — by is replaced by y = 2V_,b, one gets 
| 2ар 4abp 
Com- Crm Rt 2 “paps 


In the lower pressure range, the term 2ap/RT? plays a predominant role with the 
result that C, m — Cy m increases linearly with pressure. At higher pressure, the term 
—4abp!IR^T 3 also becomes of increasing importance with the result that at a sufficiently 
high pressure C, m~ Су, m attains a maximum and subsequently starts decreasing. The 
pressure at-which C, m~ Cy m has a maximum value can be obtained by setting the 
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derivative (9(C,  — Cy, )/др)т equal to zero. Determine the pressure at which 
Cy, m~ Cy, m i$ maximum for nitrogen at 25 °C. Also determine the value ofC, а Су, m 
at this pressure. Given: а = 141 ате kPa mol” and b = 39.1 ст? mol, 

(Ans. 15.84 MPa) 
One mole of an ideal gas undergoes the following transformations one after the other: 
(a) Isothermal reversible expansion at Т, from У, to V). | 
(b) Adiabatic reversible expansion from V; to V;. Temperature drops from T, to Tj. 
(c) Isothermal reversible compression at Т, from V, to V4. 
(d) Adiabatic reversible compression from V, to /,. Temperature rises from Т, to 7. 
Derive the «рак for g, w, AU and AH for each process and for the overall process. 
Show that 


(z TaV-pkV - 


op); Cy-paoV 
Given that 
oH aV 
-V=-T]—]|. 2. 
| (2). H=U+ pV 
NUMERICAL PROBLEMS | 


Calculate the heat absorbed, АН and AU when one mole of nitrogen is heated from 
298 K to 348 К at constant volume condition. Considering (а) С, m= 2913] К 
mol ' and (b) C, ,/J K^ mol = 28.45 + 2.26 x 107 (T/K). | 
(Ans. (а) 1 040.8 1,1 456:5 J, 1 040.8 J (b) 1 043.3 J, 1 459.0 J, 1 043.3 
Calculate the heat absorbed, AH and AU when one mole of nitrogen is heated from 
298 K to 348 K at 1 bar pressure considering (2) C, m = 29.13 J K^! mol, and 
(b) С, ,/J К^! mol! = 28.45 + 226 x 10? (TK). | 
(Ans. (а) 1 456.5 J, 1 456.5 J, 1 040.8 J (b) 1 459.0 J, 1 459.0 J, 1 043.3 J) 
The coefficient of cubic expansion œ of sodium at 25 °C is 21.3 x 10° К! a 
the isothermal compressibility кт is 1.56 x 107! pa. The density is 0.97 g cm” 
Calculate C, — Су per mole of solid sodium at 25 °С. (Ans. 0.206 J K^ mol” ) 
The coefficient of cubic expansion ax and the isothernal compressibility K; for metallic 
copper at 25 °C have values 49.2 x 10° K^! and 7.747 x 10° MPa“, respectively. 
Density of Cu at 25 °C is 8.93 р cm”. Calculate C, - Cy per mole for Cu. 
- (Ans. 0.665 JK" mot") 
Calculate the difference between C, m and Cy m for СО, at 298 K and 10 bar pressure; 
the van der Waals constant, a = t 64 dm? bar mol”. (Ans. 9.30 J K mot") 
For N,, the van der Waals constants are a = 141 ате kPa mol? and b = 39.1 ст? 
mol; Com 2891 J K ! mol! and can be assumed to be independent of the 
temperature. Calculate _ 
(i) [yp at 298 K and 0.101 3 MPa 
(i) (0H/dp), at 298 К and 0.101 3 MPa 
| [Ans. (i) 2.58 K MPa"! (ii) 774.7 J MPa] 
Compute the Joule-Thomson coefficient for carbon dioxide at 6.08 MPa pressure and 


. 10°C. Assume the gas to be ideal for the purpose of calculation of molar volume. The 


values of œ and C, are 13 x 10° К^ and 3.72 J K! р. (Ans. 6.32 K MPa’) 


\ 
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. 28 (a) For. CO,(g) at 300 K and 0.101 MPa pressure (дН/др) = 421.19 J MPa ! mol! 


Isothermal Volume 
Change of an Ideal Gas 


Adiabatic Reversible 
Volume Change of 


Neo. 


е.м 


ко 
чл 


Isothermal Volume 
Change of a van der 


and C, = 37,32 J K! moll, calculate Шуу of the gas for the given temperature and 
pressure conditions. | | (Ans. 11.25 К MPa!) 


(b) At 300 К and at pressures 0-6.06 MPa, the Шү of N,(g) can be represented by 
the equation 
Ly  K MPa” = 0.140 — 2.556 x 10° (p/MPa) 


Assuming this equation to be independent of temperature near 300 K, find the 
temperature drop which may be expected in Joule-Thomson expansion of the gas 


from 6.06 MPa to 1.01 MPa. — (Ans. — 0.255 К) 
Calculate the inversion temperature for CO, gas. Given: a = 3.64 ёте bar mol? 
and b = 0.042 67 dm? mol... · (Ans. 2 052 К) 


Calculate, the value of AH for the isothermal expansion at 300 K of 1 mol of carbon 
dioxide from 1 bar to 50 bar. Given: а = 3.64 dm bar mol” and b = 0.042 67 dm’ 
mol. - (Ans. 1.22] kJ mol!) 
(a) 7.0 g of N, at 25 °C is expanded isothermally from an initial pressure of 0.505 
MPa to a final pressure of 0.202 MPa against a constant external pressure of 0.101 
MPa. Calculate q, w, AU and АН. 

(b) The same amount of N, is expanded isothermally between the same initial and 
final volumes, but this time the expansion is carried out reversibly. Calculate q, w, 
AU and АН. | ; 

(dns. (а) AU = AH = 0; q = -w = 186.2 J, (b) AU = AH = 0; q = -w = 569.0 J) 
Calculate the work done when 1 mol of zinc dissolves in hydrochloric acid at 273.15 K 
in (1) an open beaker and (ii) a closed beaker at 300 K. (Ans. -2 271.1 J, zero) 
(Hint: Evolved gas is driven against a constant atmospheric pressure.) =.. -~ 
Hydrogen gas is expanded reversibly and adiabatically from a volume of 1.43 dm? at 
a pressure of 0.303 MPa and temperature of 25 °C, until the volume is 2.86 dm’. The 
heat capacity C, of hydrogen can be taken to be 28.87 J K mol. 

(a) Calculate the pressure and temperature of the gas, assumed to be ideal, after the 
expansion. 
(b) Calculate g, w AU and AH for the gas. 
(Ans. (а) 0.115 MPa, 226 K; (b) q = 0; w = -259.4 J; AU = 2594 J; AH = -3644 J) 
0.35 mol of an ideal monatomic gas is expanded adiabatically from a volume of 1 dm? 
at 400 K to a volume of 5 dm? against a constant external pressure of 50.65 kPa. What 
is the final temperature of the gas, and what is its enthalpy change in the process? 

| (Ans. 353.84 K, – 335.8 J) 


(a) For a certain gas TS van der Waals constants are 

а = 671.86 dm? kPa mol? and b = 0.057 ud. mol! 
What will be the maximum work performed in the expansion of 2 mol of the gas from 
4 to 40 dm? at 300 K? (Ans. wmax = -11.05 kJ) 


(b) If C, of the gas is 29.29 J K, mot what will be AU and AH for a process 
involving the compression of 5 mol of the above gas from a volume of 100 dm’ at 
300 K to a volume of 10 dni’ at 400 К? E (Ans. AU = 13.138 kJ) 


2.16 Опе mole of a van der Waals gas expands isothermally and reversibly from a 
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volume of 1 dm? to 30 dm? at 0 °C. Calculate q, w AU and AH. Given: а = 6586 — 


dm kPa mol? and b = 0.056 dm? тог. 
(Ans. w = -7 209.68 J; AU = 636.647 J; q = 7 846.33 J; АН = | 142.9 J) 


One mole of а vander Waals gas undergoes an adiabatic free expansion. fom 1 dm? 
to d dm’. Calculate the ae in temperature of the gas. Given: Cy m= = 20:8 JK! 
mol ! and a = 0.138 N т“ mol”. (Ans. -5.97 К) 


One mole of nitrogen undergoes adiabatic reversible expansion from 1 dm’ to 10 йт? 
with initial temperature of 273 K. Calculate q, w, AU and AH if the gas is considered 


a van der Waals gas. Given: a = 140.8 dm kPa mol”, b = 0.039 dm? mol”! Cy a: 


| = 2081 mol! (dns. 0, -3 321.5 Jmol", -3 321.5 J mol”! 4661.0 J mol) 


One mole of nitrogen undergoes adiabatic expansion from | dm? to 10 dm? against an 
external pressure of | bar. The initial temperature of the gas was 273 K. Calculate q, w 
AU and AH if the gas behaves like а van der Waals gas. Given: a= 140.8 dm? kPa mol i 
b = 0:039 dm? mol and Cy, m = 20.81 J K mol”. 

(Ans. 0. — 900 J mol, - 900 J mol", - 1 268.3 J K mol) 
Опе mole of a liquid is confined in a piston and cylinder at 101.33 kPa pressure. The 
‘coefficient of cubic expansion of the liquid is 10° К^, Calculate the work done 
when the temperature is raised from 300 K to 500 К. The pressure is kept. (onnan 
and no liquid evaporates. The molar volume of the liquid at 0 °C is 100 cm! mol”. 

(Ans. 2.026 J) 

(a) A system with an initial volume of 22.4 dm? is compressed adiabaticálly until 
its volume is 11.2 dm’. During this process 1 350 joules of work is performed on 


‚ the system, and the temperature rises from 0 °C to 160 °C. What is the change i in 


the internal energy during this process? 


: (b) The same initial system is heated as constant volume to 160 °C whereby 


222 


1 320 joules of heat must be added. What is the change in the internal energy of 
the system during this process? 


{c) The system is now compressed at this constant temperature of 160 °C to a 
volume of 11.2 dm? ‚ whereby 2 550 J of heat fiow out of the system. What is the 
change in internal energy? How much work is done on the system? — — 

[Ans. (a) AU = 1 350 J, (b) AU = 1 320 J, (c) AU = 30 J, w = 2 580 J] 
The equation of state for one mole of gas is pV = RT + Bp where B is a constant 
and is independent of temperature. Starting with one mole of gas at 300 K and a 
pressure of 1.013 MPa, consider the following quasi-static processes: 


(a) an adiabatic expansion to 20 dm! 

(b) an isobaric expansion to 20 dm? 

(c) an isothermal expansion to 20 dm! 

(d) an isochoric decrease in pressure to 0.101 3 MPa 


If the value of B is 1.5 dm’, C, 729. 29 J K! mot! and Су= 20.92 JK mol for this 
gas, find: 


(1) Relations for calculating q, w, AU and АН for each of the above processes. 
(ii) The numerical values of g, w, AU and AH for each of the above processes. 
[Ans. (a) q = 0; AU = w = 3.46 kJ; AH = - 6.274 kJ 
(b) w = -16.25 kJ; q = 57.094 kJ; AU = 40.846 kJ; AH = 57.095 kJ 
(c) q = 5.032 kJ; w = -5.032 kJ; AU = 0; AH = -1.32 kJ 
(d) q = -5.638 kJ; w = 0; AU = —5.638 kJ; AH = – 9.248 КД 
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Thermochemistry 


3.1 SCOPE OF THERMOCHEMISTRY 


Thermochemistry primarily deals with the transfer of heat between a chemical 
system and its surroundings when a change of phase or a chemical reaction takes 
place within the system. Depending upon the conditions under which the reaction 
is carried out, the quantity of heat transferred is related to energy or enthalpy change 
due to changes of states which occur in the system. However, in the laboratory, t the 
majority of chemical reactions are carried out under the condition of constant 
pressure, therefore, the heat transferred is equal to the change in enthalpy of the 
system. | 


3.2 ENTHALPY ОЕ A SUBSTANCE. - 


Standard State of a 
Substance 


Each substance has a fixed quantity of enthalpy: For one mole of a substance B, the 


enthalpy is represented as H, (B). The main characteristics of a substance, if need to 
be specified, is usually stated along with the symbol B within the parenthesis. For 
example, the molar enthalpy of water vapours at 398 К and 1 atm pressure may 
be stated as Н. (Н.О, g, 398 К, 1 atm). 


The molar enthalpy of a substance is a function of temperature and pressure, i.e. 
H; = H.(T, p). In thermodynamics, the pressure dependence is removed by defining 
the standard state of a substance listed in the following. 


1. For a pure gaseous substance, the standard state at a given temperature is the 
(hypothetical) ideal gas at one bar pressure. 

2. For a pure liquid substance, the standard state at a given temperature is the 
pure liquid at one bar pressure. | 

3. For a pure crystalline substance, the standard state at a given temperature is 
the pure crystalline substance at one bar pressure. 


4. For a substance or ion in solution, the standard state at a given temperature is ` 


the unit molality of the species in ideal solution at a one bar pressure. 
The standard molar enthalpy of a substance is represented by placing the 
superscript degree to the symbol H. For example, the standard molar enthalpy of 
liquid water at 273 K is represented as H? (H,O, 1, 273 K). 


3.3 CHANGE IN ENTHALPY DURING THE PROGRESS OF A REACTION 


Since the enthalpy of a substance can change with the variation of temperature and 


pressure, it is essential that the reactants and products of a reaction are present at 
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the same temperature and pressure while computing the enthalpy change ш: | 
| the progress of a chemical reaction. 
Extent of Reaction Let the reaction 


 2N04g) э 4NO,(g) + Оу) 


be started with the amount ny of N;O;. The progress of the. reaction is stated by 


defining physical quantity known as extent of reaction (Symbol: £, Greek word 
pronounced as xi). By definition, 


_ Amount of a reactant consumed or product formed 

Stoichiometric number of the reactant or product 
Enthalpy Change of Enthalpy of the system to start with, where é = 0,15 given by 
the Reaction : На) = no Hm{N2Os) 


When the reaction has proceeded to the extent ©, the amounts of reactants and 
products will be 
.. 2N,0,(g) 2 4 NO, (e) + 024g) 
ng - 26 46 С | 
(Note: The unit of £ is that of amount of species, i.e. mol. The stoichiometric 
numbers are dimensionless quantities and thus carry no units.) 
Enthalpy of the system at this stage is 
Нш = (o ~ 26) HN,0;) + 46 H,(NO;) + E НО) 
Enthalpy change of the system is 
| AH = Не =H; 


initial 
= [m - ~ 2) Ht ni(NjOs) + 46 А. (№) + © H,(05)] - ny H, (NO) 
= 2E H (NO) + 4 € H NO) + é H, EU (3.3.1) 


The value of AH of a given chemical equation depends on its extent of reaction. It will 
vary as the reaction progresses. 


From Eq. (3.3.1), it follows that 
unit of AH = (unit of €) (unit of H,,) 
= (mol) {kJ mol’) = kJ 


34 ENTHALPY OF REACTION 


Definition of By definition, enthalpy of reaction is the enthalpy change for the unit extent of 
Enthalpy of reaction. It is represented by the symbol Л, Н. Thus 
Reaction AH 

А.Н = — (3.4.1) 


For the reaction | 
2N,0;(g) — 4 NO(g) + 0,(g) 
AH = ps 1030) +5005) - 26 Н. (№0) 


aiT -AH(NO)*H(0)-2H(NO) 3.42) 


RS Чы, 
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Unit of Enthalpy of 


Reaction 


Comment on 
Enthalpy of 
Reaction 


Expression of 
Enthalpy of 


- Reaction 


The unit of enthalpy of reaction is 


. uitof AH Ky 
unit of A,H = ————— = — = mol”! 
| Unit of é mol 
Since the enthalpy of reaction is defined as the enthalpy change for unit extent of 
reaction, the amounts of reactants consumed and products formed will be equal to 
the corresponding stoichiometric ‘numbers expressed i in mol. For example, for the 
reaction 


2N,0;(g) > 408) +00) 


the enthalpy of reaction is the enthalpy change when 2 mol of N,O, dissociates to 
give 4 mol of NO, and 1 mol of O,. It may be noted that na 


Enthalpy of reaction refers to the entire chemical ae and not to any particular 


_ reactant or product: 


The enthalpy of a reaction may be computed by using the expression 


AH- È vgl, B)- PRE (B) (3.4.3) 


products 


X where the symbol У, represent summation over the indicated substances (product 
. or reactant) and vj is the stoichiometric number of the substance В in the balanced 


chemical equation. For example, for the reaction 
Fe,0,(s) + 3H,(g) 2 2 Fe(s) + 3 Н,О(@) 
we have С 


AH- X vaHQB)- X 1н, (В) 


t nas reactants 


= рн mre, s) + ЗА, (9,0, 1)] - [H,(Fe)O,, s) + ЗА (Н,, g)] 


4 5, EXOTHERMIC AND ENDOTHERMIC NATURE OFA REACTION. 
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. Exothermic Reaction In a case where the enthalpy of products is less than that of reactants, we. have 


H,,(B)- X |Vg|Hn(B) 
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The above data may be represented in the form of an enthalpy level diagram, as 
shown in Fig. 3.5.1 E 


CH4g) + 20,8) 


Heat released | 
А.Н° =- 8904 ki mol | 


Fig.3.5.1 Enthalpy-level 


diagram for an exothermic - CO,{g) + 2H,0(1) 
reaction 
Endothermic In the case where the enthalpy of products is greater than that of reactants, we have ` 
Reaction | | 
AH- X wHQB- У vH.) 
products reactants 
= = positive 
that і is, there occurs an increase in enthalpy when reactants are anad into 
products. This increase is brought about by the absorption of heat by the system 
from the surroundings and the reaction is said to be an endothermic reaction. For 
example, for the reaction 
Н) +108) ә 29р) АН = 52.5 kJ mol! 
The enthalpy level diagram of this reaction is shown in Fig. 3.5.2 
2HK(g) 
Heat absorbed 
е | | А,Н° = 52.5 kJ mol 
Fig. 3.5.1 Enthalpy-level = | | 
diagram for ап | | | 
+ 
endothermic reaction Н, (g) + b(g) 


3.6 IUPAC RECOMMENDATION OF WRITING CHEMICAL EQUATION AND D:FINITION OF 
ENTHALPY OF REACTION | 


Representation А chemical equation may be conveniently represented as 


of a Chemical eara 3.6.1) 
B 


where the summation is carried over all the species (reactants and products) in 
chemical equation and v is the stoichiometric number of the species B (assumed 
to be positive for products and negative for reactants). 


For example, the chemical equation 
2N,0.(g) > 4NO,(g) + O(g) 


may be represented as 
0 = 4NO,(g) + 0,(g) - 2058) 
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Change in Amount The amount of species with the progress of reaction is given by the expression 


of Substance 


Definition of 
Enthalpy of 
Reaction | 


Standard Enthalpy 
of Reaction 


3.7 ENTHALPY OF FORMATION 


Accepted 
Convention 


Definition of 
Enthalpy of 
Formation 


ToC EE, 


КА 
HA. 


species B is- | | 


aggregation at one bar pressure and at specified temperature is assigned a zero value. 


пв = (пв) + Vg 6 DEREN (3.6.2) 
where (ив) is the amount of species B in the beginning of the reaction and ng is 
the corresponding amount when the reaction has proceeded to the extent ¢. 


For the infinitesimal change in extent of reaction, the change in the amount of 


dnp = vg dé | : | j (3.6.3) 
The corresponding enthalpy change of the reaction is | | 
di- НВ) dng = УН (В)в dé). (3.6.4) 


By definition, enthalpy of reaction is given as 
А.Н = (0H д®т „= X, vH, B) (3.6.5) 
| B 


that is, the enthalpy of reaction is the rate of change of enthalpy of system with 
the extent of reaction at constant T and p. 


When all the chemical species in a chemical equation are present in the respective 
standard states, the enthalpy of reaction is spelled as standard enthalpy of reaction. 


It is defined as 
A.P = (0H°/0)7 , = X v Hz (B) (3.6.6) 
г | 


It is not possible to determine the absolute value of the molar enthalpy of a substance. 
However, based on the following convention, the relative values of standard molar 
enthalpies of formation of various substances can be built. 


_ The standard enthalpy of formation of every element in its stable State of 


The specified temperature is usually taken as 25 °C. 
A few example are 
A,H (О, в) = 0 


A,H°(C, graphite) = 0 АНС, diamond) # 0 
AH(Br,1)-0 

А.Н, rhombic) = 0 A;H°(S, monoclinic) + 0 
А.Н, white) = 0 А.Н, black) # 0 


The standard enthalpy of formation is defined as follows: 


The standard enthalpy of formation of a compound is the change in the standard 
enthalpy when one mole of the compound is formed starting from the requisite 
amounts of elements in their stable states of aggregation. 


The formation of one mole of the compound implies that the compound appears 
as product with stoichiometric nuriber equal to one. 
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The chemical equations corresponding to шыру of formation of a few 
substances are given below. 


Enthalpy of formation of HBr(g) The chemical equation to be referred is 
5 Hyg) + 5 Bri) > HBr(g) 


A -H°(HBr, g) = Хув (B) 
= Ha(HBr, g) ~ LHe (Hy, g- 4HBn1) (74) 
Enthalpy of formation of $06) The chemical equation to be referred is 
от) + Оу) э $0,(g) 
A,H'*(SO,, в) = Hg(S0>, в) - Ha(S, rhombic) ~ Hz(O,, в) ^ 12) 


| Enthalpy of formation of SO,(g) The chemical equation to be referred is ` 


S(rhombic) + 30,(g) — S0,{g) 


AeH°(SOs, g) = H2(SO,, g) - Ha (S, rhombic) - 3 H2(05, g) (3.73) 


Enthalpy of Reaction Consider the reaction 


from Enthalpies of 
Formation 


50р) + 10(в) > SO.(g) 
its enthalpy of reaction is 
А.Н = H°(SO,, g ) - H, (SO), в) - 1 HO, g) 
Expressing the molar enthalpies of SO, and SO, in terms of the corresponding 


enthalpies of formation by using Eqs. (3.7.2) to (3.7.3), respectively, we get 


АЁ = [ ALSO, g) + H; (S, rhombic) + 3.75 (О, 8)| 
-[A;F'(SO,, g) + H2(S, rhombic) + H2(O>, g)] - 4H2(0,, g) 


= ALH(SO,, g) - Aç HXS0,, g) (3.7.4) 

From Eq. (3.7.4), if follows that the enthalpy of reaction can be computed from 

the data on enthalpies of formation of SO, and SO,. This way of computing enthalpy 
of reaction can be extended to any reaction. Equation to be used is 

AH? = Ўњ A-H%B) (3.7.5) 


Equation (3.7.5) holds good for any reaction as the same reference state is used 
for reactants and products (Fig. 3.7.1) 


Fig. 3.7.1 Enthalpy of 
Reaction ` 


Example 3.7.1 


Solution 


Elements in Standard States 


Reactants 


Products 


The standard enthalpy of formation of a few substances have been tabulated in 
Appendix L 


Calculate the standard enthalpy of reaction 
ZnO(s) + CO(g) — Zn(s) + CO,(g) Y Ж 
Given  A,H®(ZnO, s) = - 348.28 kJ mol"; A,H°(CO,, g) = – 393.51 kJ mor! 
A,H°(CO, g) = — 110.53 kJ mol” 
We have Л.Н = Yv AHB) ——— 
А.Н" = A;H°(Zn, 5) + AJT(CO,, g) - AH°(Zn0O, s) - А,Н°(СО, g) 
= {0 + (393.51) - (348.28) - (-110.53)) kJ mol’ = 65.3 kJ mol” 


3.8 HESS'S LAW OF CONSTANT HEAT SUMMATION 


{ 
3 


Since the molar enthalpies of reactants and products involved in a chemical equation 
have definite values, it is obvious that the enthalpy change of a chemical equation 
would also have a definite value, irrespective of the way the reaction is carried 
out. Thus, if we transform a specified set of reactants to a specified set of products 
by more than one sequence of chemical equations, the total enthalpy change must 
be same for every sequence. This rule, which is a consequence of the first law of 
thermodynamics, is known as Hess's law of constant heat summation, which can 
be stated as follows: 


The heat absorbed or evolved in a given chemical equation is the same whether 
the process occurs in one step or several steps. . 


' Prior to the standard-state pressure of 1 bar, the values of standard enthalpies of formation 
were tabulated for the standard-state pressure of 1 atm. The enthalpies of solids and liquids 
are not affected significantly by the small decrease in pressure from 1 atm to 1 bar. The 
standard enthalpies of formation of gases are also the same as the standard state is the ideal 
gas for which enthalpy is independent of pressure. - 
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Hess’s Law 


Utility of Hess’s Law 


Ї This statement is known as Lavoisier and Laplace law. 
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In support of Hess’s law we cite below two different methods of synthesising 
sodium chloride from sodium and chlorine. 


1 
Маб) + H,O(1) > NaOH(s) + ; He) —.. A H? = -140.87 KJ mol” 


л Нур) + 5 CB) > НО)  —— A, H° = -92.30 KJ mol! 
НС) + NaOH(s) 9 NaCKs) +H,0(1) — A,H* = -177.83 KJ mot 
Add Н | ep een 
eee Na(s)* 2 ; CQ) > ан — AP =- 411.00 К] mor! 

Lc змен сё —HCKg' A, = -92.30 kJ mol” 
EU + HCl(g) > NaCl(s) + — Ing o0 АН = -318.70 KJ mol” 

Add | 

Net Change: Ма(ѕ) + : Cl,(g) — NaCl(s) | AUT? = – 411.00 kJ mol”! 


The chemical equation can be treated as ordinary algebraic expressions and can be 
added or subtracted to yield the required equation. The corresponding enthalpies 
of reactions are also manipulated in Ше same way so as to give the enthalpy of 
reaction for the desired chemical equation. | 


Since А.Н stands for the change in enthalpy when reactants: oies on the 
left hand side of the arrow) are converted into products {substances on the right 
hand side of the arrow) at the same temperature and pressure, it follows that if the 
reaction 15 reversed (i.e. products are written on the left hand side and reactants 
on the right hand side), then the numerical value of A,H remains the same, but 
its sign changes. t 


The utility of Hess’s law is considerable. In almost all the thermochemical 
numericals, some way or the other, Hess’s law is used. One of the important 
applications of Hess's law is to determine enthalpy of reaction which 1s difficult 
to determine experimentally. For example, the value Л. Н for the reaction 
| 1 "m 
C(graphtic) + = Og) > CO(g) 
which is difficult to determine experimentally, can be estimated from the following 


two reactions for which Д, Н can be determined experimentally. 


C(graphite) + 0,(g) "^ COg) ^ AH 


CO) + > 048) – CJ) AH 


r 


\ 
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Subtracting the latter from the former, we get 
C(graphite) + 2 O, (в) > CO(g) 


Consequently, А „Н = А.Н, - A Hy. 


The lattice energy is defined as the energy required to completely separate one 
mole of a solid ionic compound into gaseous ions. 


The larger the lattice energy, the more stable the ionic compound and the more 
tightly the i ions held. 


Lattice energy cannot be measured directly. However, this can be determined 
from the Born-Haber cycle. Consider the following sequence of steps for the 
formation of NaCl crystals from Na(s) and Cl (g) 


(i) Vaporization of Na(s) Na(s)  Na(g) AH | 
(ii) Ionization of Na(g) Na(g) — Na'(g) + e А.Н, 
(iii) Dissociation of chlorine 1С) > СИ) A.H; 
(iv) Formation of CI (g) Се) + е CI (g) А.Н, 

(v) Condensation of Na'(g) | 
апі СГ(р) Na'(g) + CI'(g) > МаСз) А, Н; 


Net change: Na(s) + 1CL(g) — NaCl) АН, 
According to Hess’s law, we can write 
A fl, = AH, + AH; +-A,H, + AH, + ALB, 


Except A,Hs all of these changes of enthalpy can be determined experimentally. 
Hence, Л, Н; can be determined from the above relation. The lattice energy is the 


negative of Д, Н; value. 


ВЯ up a Born-Haber cycle to find the lattice energy of NaCl lian Given: AH*(NaCI) 


= — 410.87 kJ mol. Ionization enthalpy of Na = 495.80 kJ mol”, electron affinity of 
chlorine = 365.26 kJ mol’, sublimation enthalpy of Na = 317.57 kJ mol” and dissociation 
enthalpy of Chg) = 241.84 kJ mol”, 


The following is the Born-Haber cycle for sodium, chloride: 
(i) Sublimation of Na Мә(ѕ) > Na(g) 2i AL, = 317.57 kJ mol" 
(ii) Ionization of Na(g) ^ Na(g)  Na'(g) + e > А.Н, = 495.80 К mol” 


(ш) Dissociation of 


half of chlorine 
(iv) Formation of C'(g Се) +e > CI (g) ; А.Н, = - 365.26 kJ mol! 


(v) Formation of NaCl(s)  Na'(g) + CI'(g) > NaCl(s) 


Ы 


: Cg ~ СІ) o; Adh- : х 241.84 kJ mol” 


Net reaction Na(s) + ; С (в) ә NaCl(s); А = – 410.87 kJ mol! 


Now according to Hess’s law 
| AH; = AH +A y+ H,+A,H,+A, " 
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Thus Д; = {- 410.87 317.57 — 495.80 — 120.92 + 365.26] kJ mol”! 
= —979.9 kj mor! 
The lattice energy of NaCK(s) is negative of A,H,, i.e. 979:9 kJ mot". 


From the following thermochemical equations, calculate the enthalpy ef formation of cane - 
sugar {(C))H))0),): 


(i) С,Н,,0, (8) + 1208) > 12C0,(g) + 11H,0(1) А.Н =—5 644 kJ mol”! 
(ii) C(s) + Og) > СО,(д) | А.Н = -393 kJ mor! 
(iii), Hyg) + ; Og) > H,O(l) - ie d A H = -286 kJ mol! 


Multiplying Eq.(ii) by 12 and Eq; (iii) by 11 and adding them, we get 
` 12 x{§C(s) + Og) > CO, (g)] AH 7 -12x 393 KJ mor! 


! 1 | E 
tl x {H,(g) + 7 0,(g) > 9,0(1)] A.H - -11 x 286 kJ mol” 


120$) +11H,(g) + E O; (g) — 1200, (g) +11H,0(); A,H = -7 862 kd mol”! 
Subtracting Eq. () from the above resulting equation, we get | 

осв) +11H,(g) + E О, (g) > 12CO, (в) +11H,0(); A,H = -7 862 kJ mol” 

dCi B,0(s) + 120,(g) Э 12CO,(g) + 11H,0()] — A,H-5 644 kJ mor! 

12C(s) +11H, (g) + = О, (g) > CyH5O,(s ApH = -2218 Юю mol! 


From the data at 25 °C 
(i) Fe,O,{s) + 3C(graphite) > 2Fe(s) + 3CO(g) 


А.Н = 490.78 КІ mot” 
А.Н = 156.06 kJ mol 
А, Н = -393.51 kJ тог! 


(ii) FeO(s) + C(graphite) — Fe(s) + CO(g) 


(ш) C(graphite) + Оҳо) > CO,(g} 
{iv) CO(g) + - Ox) 2 СО) | Л.Н = 282.96 kJ mot 


Compute the enthalpy of formation of FeO(s) and of Fe,0,(s), i.e. calculate A. Hs 


corresponding to the following reactions. 


O Fels) + = Og ROG) ad — (6) Fe + = Oe) 9 FeO) 


(a) Multiplying each of Eq. (ii) and Eq. (iv) by -1 and adding the resultant equations in 


Eq. (iii), we get 


А.Н = -156.06 kJ mol” 
Д.Н = -393.51 КІ mol” 
А.Н = 282.96 kJ mol 


Fe(s) + CO(g) — ЕеО($) + C(graphite) 
C(graphitc) Og) > СО,(д) 
CO,{g) = CO(g) + 2 O(g) 


Fe(s) + 1 O,(g) > ЕеО() A,H = -266.61 kJ mol™ 
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(b) Multiplying Eq. (i) by -1, Eq: (Ш) by 3 and Eq. " by 3, and adding the resultant 


equations we get 


2Fe(s) + 20000-3 Fe,0,(s) + 3C(graphite); А.Н = – 490.78 kJ mol 
3C(graphite) + 30,(g) => 3CO,(g) A, H = 3(-393.51 kJ mol) 


3CO,(g) > 3CO(g) + _ Ов) AH = -3(-282.96 kJ тог!) 


| 2Fe(s) + ; 0,(g) > Fe,0,(s) | А.Н = 822.43 kJ mol! Еха 


39 VARIOUS TYPES OF ENTHALPIES OF REACTIONS 


Enthalpy of Enthalpy of combustion of a given compound is defined as follows: 
Combustion 


Solu 
It is the enthalpy, change when one mole of this compound combines with the 
requisite amount of oxygen to give products in their stable forms. 

The combustion of one mole of the compound implies that the substance appears 
as a reactant with stoichiometric number equal to one. 


For example, the standard enthalpy of combustion of methane at 298.15 K is 
— 890.36 kJ mol”. This implies the following reaction: 
CH,(g) + 20,(g) > CO,(g) + 29,01) А.Н = — 890.36 kJ mol’ 
The standard enthalpy of combustion.of methane at 298.15 K may be written as 
u A.H'(CH,, g, 298.15 К) = – 890.36 KJ mol 
Utility of Data on The data on the enthalpy of combustion can be determined experimentally. With - 
Enthalpy of the help of such data, we can determine the enthalpy of formation of a compound, 
Combustion which otherwise is difficult or impossible to determine experimentally. Consider, 
| for example, the enthalpy of formation of CH,(g): 
= C(graphite) + 2H,(g) — CH,(g) 
j | First of all, the combination of carbon and hydrogen does not occur readily. 
Secondly, if the reaction is even completed, the end product would not be pure 
methane. Therefore, the enthalpy of formation of methane can be determined 
indirectly through the enthalpy of combustion of methane: 
CH,(g) + 20,(g) ^ CO,(g) + 2H,0() 
A, H°(CHy, g) = ApH°(CO,, g) + 2 A-H°(H,O, 1) - ApH°(CHy, g) 
therefore - | | 
ApH°(CH,, g) = A'(CO,, g) + 2 AH*(H50, 1) - A,H°(CH,, р) 
The enthalpies of formation of CO, and H,O can be determined experimentally by 


the combustion of carbon (graphite) and hydrogen. Thus knowing the measured value 
of A, НЎСН, g), the enthalpy of formation of CH; can be calculated. The value is 


АгН(СН,, g) = AgH°(CO,, g) + 2 АННО, 1) - А, Н(СН,, g) 
= [ - 393.51 + 2 ( - 285.83) - ( - 890.36)] kJ mol! 
= - 74.81 kJ mol" 
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` Or, equivalently, we may add the following three chemical equations. 


gun +048) > CO,g) А.Н = – 393.51 КГ mot” 


AG) T ; Og) = » 00) 

| СНА) + 04) 2 CO4(g) + 28,001 А.Н = E 890. 36) Ы mor 

C(graphite) + 2H,(g) - 3 CH4) С AP = – 74.81 kJ mol T 

Calculate the enthalpy change. of the Umm PEU 7 
: 3C HX g CH 


Given: Enthalpy of combustion of Ср) = -1.30 MJ mot”! and that of "Hag = -3.302 
MJ mol”. 


A H°=2(- 285.83) KI mo | 


The Teactions corresponding t to the combustion of C,H, and CH, are 


E deem ; 08) 2 2C0,(g) + Н;О() 


di) св )*- 3 5 og э 6CO (g) + 3H,0() | 
Миру Ba * i 3 and Eq. (ii) by -1, adding the resulting expressions, we e get 


3 x {CHg) + = > Og) 2000) + H,0()] ^ Adi--3x 1.30 MJ mol”! 


іх Нар) + Zoka —6CO, + 3H,0(1)] AsH = – (- 3.302 MJ mol!) 


3CH{g) > C Hee) A,H = -0.598 MI mor! 
Using the combustion data given below, compute the enthalpy of formation of isoprene(p) 
and its resonance energy. Given: Л.А (from bond enthalpies) = 103.31 kJ mol”. 
AH = -3 120 kJ mol! 
AH = -393.71 KJ mol” 
ApH = -285.77 KJ mol 


Data: Enthalpy -of combustion of isoprene(g) 
Enthalpy of formation of CO,(¢) 
Enthalpy of formation of HOC 
Given that | 
C5H,(g) + 70,(g) > 5СО,(р) + 4H,0(1) 
C(graphite) + Ов) > СОД) ДҮН = -393.71 kJ тог! 
H,(g) + + Ое) > H,0()) ДН = -285.77 kJ mol” 


The reaction corresponding to the enthalpy of formation of C;H,(g) can be obtained by the 
following manipulations: | 


-1 х{С;Н) + 70,(g) > 5CO,(g) +4Н,00]  A,H = CD x (3120.43 KI mo") 
5 x [C(graphite) + О,(д) > CO,(g)] AH = - 5x 393.71 KJ mol”! 


ALH = -3 120 KJ mol” 


4 x {Hy(g) + 1 0, (g > H,0(0)] А.Н =~ 4 x 285.77 kJ mol 


Adding these, we get 


5C(graphite) + 4H,(g) — C;H,(g) А.Н = 8.8 kJ mol! 
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Measurement 
of Enthalpy of 
Combustion . 


Fig.39.1 Bomb 
calorimeter to. determine 


enthalpy of combustion 


Calculation of 
Enthalpy of 
Combustion 


. Resonance energy = Л „Н(асќџа[) — A,f(from bond enthalpies) 
= 88 0 mol! – 103.31 KJ mol” 
^: 2-945]k] mol! - 


Enthalpies of combustion are usually measured by placing a known mass of the 
compound in a closed steel container (known as bomb calorimetre) which is filled 
with oxygen at about 30 bar pressure. The calorimetre is surrounded by a known 
mass of water. The entire apparatus is kept in an insulated jacket to prevent heat 


entering into or leaving from the container, as shown in Fig. 3.9.1. The sample 


is ignited electrically to bring about the combustion reaction. The heat evolved is 
used in raising the temperature of water and the calorimetre. 


Stirrer Thermometer 


Ignition wire 


Insulated jacket 
Calorimeter bucket 


Water 


Since the heat released in combustion reaction is equal to the heat absorbed by 


water and bomb calorimetre, we will have 


Qcomb ^ Oates + bomb) 

The heat absorbed by water and bomb calorimeter are determined through their 
specific heat capacities. By definition, the specific heat capacity of a substance is 
the heat requried to raise the temperature of a unit mass of the substance by unit 
temperature. If q is heat required to raise the temperature of mass m of a substance 
by temperature AT, then 


c= — or q- mc AT = CAT 


where C(= mc) is known as heat capacity of the substance. With these, q.s, 
becomes | 


Qcomb ~ (Myater Cwater + Тоть Chomb) AT 


EE (M water Cwater + Coomb) AT 
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Thus, knowing P ters water Cromb and AT the value of д, „Сап be determined. 
Since the experiment is carried out at a constant volume condition, the heat released 
per unit amount of substance will be equal to energy of combustion. 


Hence A Y= Üemb 200 сопы 
с 


ША Жыр; | M, subs 


where ma, and М, ь; are the mass taken and the molar mass of the substance, 
respectively. Finally, the enthalpy of combustion will be given. as 


A,H= AU + (Av) RT 


where AV, is the change in stoichiometric number of gaseous species in the balanced 


chemical equation representing the combustion process.' 
j 


Example 193  — А 0138 g sample of solid magnesium (molar 1 mass = 24.30 р mol”) is burned in a constant 
| т volume bomb calorimetre that has a Beat capacity of 1.77 kJ 9C *. The calorimetre contains 
- 300 mL of water (density = 1g mL”) and its temperature is raised by 1.126 °C. Calculate 
the enthalpy of combustion of magnesium at 298 К. 
Solution We have 


Ywater 7 Mater € water AT 
= {(300 mL) (1 в mL™)} (4.184 J g ! °C) (1.126 °С) 
= 1413 J= 1413 KJ 

dbomb ^ (ть Chomb) 
= Coop AT = (1.77 kJ °C") (1.126 °С) 

1.992 kJ 


(comb ^ - (даь + Tomb) 


= — (1413 + 1.992) KJ = -3.405 kJ 
AU = Amt = шас ас =~ 99.60 kJ тої 
туы! Marge (0138 р)/(2430 g mol!) 


The combustion reaction is 


M 


Mg(s) + ; Ojg > MgOG) — Av, = -: 


AH = AU + (Лу) RT 
= -599.60 KI mol! + C; ) (8314 x 10? kJ K^! тог") (298 K) 


= (-599.60 — 1.24) kJ mol! = – 600.89 kJ mol” 


Integral Enthaipy When a solute is dissolved in a solvent there is frequently an evolution or absorption 
of Solution . of heat. The enthalpy change per unit amount of solute dissolved is not constant; it 
usually varies with concentration of the solution. Let AH be the enthalpy change 
when the amount п, of a solute is dissolved in a definite quantity of solvent, say 
1 kg. We assume that the process of dissolution is an endothermic process. Now 
if AH is plotted against п, the resultant curve is as shown in Fig. 3.9.2. 
Initially, AH increases almost linearly with n, but later the increase is not as 
fast as n». Finally, it reaches a constant value when the solution becomes saturated 


f See Section 3.12 


| 

| 

| S enthalpy change when 
the amount п, of solute is 
dissolved in 1 kg solvent 


Integral Enthalpy 
of Dilution 


Fig. 3.9.2 Variation of 
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Enthalpy chang 


| | | Ny ^ п; 
Amount of solute in 1 kg of solvent — 


with respect to, solute. If the observed value of enthalpy change (AH) is divided 
by the amount of solute (и;) that is dissolved to form a solution of a particular 
concentration, we get the quantity AH/n,, which is known as integral enthalpy of 
solution at the given concentration, Hence | 


The integral enthalpy of solution at the given concentration is the enthalpy change 
when one mole of the solute is dissolved in a definite quantity of solvent to produce 
a solution of-a desired concentration. . 


While recording integral enthalpies of solution it is a general practice to state 
the amount of the solvent in which 1 mole of solute is dissolved. Thus 


НС) + 10 H,O(l) > HCK10 H,O) — A,H, = -69.488 kJ mol” 
indicates that when 1 mol of hydrogen chloride gas is dissolved in 10 mol of water, 


there is an evolution of 69.488 kJ of heat. Other values are 


(i) HCl(g) + 25 Н,0(1) > HCI(25 H,0) A H, = -12.266 kJ mol”! 


(ü) HCKg) + 40 Н,0(1) > HCI(40 H50) А.Н, = -73.023 kJ mot! 


(ш) HCl(g) + 200 H,O(l) 9 HCI200 H,O) . АЯ, =-74.203 kJ mol! 
(iv) НС) + aq — HCl(aq) А.Н, = -75.145 kJ mol” 
where Л, H represents the limit of enthalpy change when 1 mol of hydrogen 
chloride gas is dissolved in a very large quantity of water. The resultant solution 
is known as an infinite diluted solution. | 
The fact that the enthalpy of solution of a solute varies with its concentration implies 
that there must be a change in enthalpy when a solution is diluted by adding more 
solvent. - | 
The integral enthalpy of dilution is the change in enthalpy when a solution 
containing 1 mole of solute is diluted from one concentration to another. 
According to Hess's law, it is equal to the différence between the integral 
enthalpies of solution at the two concentrations. For example, if to a solution of 
1 mol of hydrogen chloride gas in 40 mol of water, enough water is added such that 
 HCI(40 H0) + aq > HCl(ag) 


— the associated enthalpy change can be obtained as follows: 


Differential 
Enthalpy of 
Solution 


Differential Enthalpy 
of Dilution 
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HCl(g)*aq- HCKag) - А.Н; = -15.145 kJ mor! 
НСҚе) + 40 HzO э HCK40H,0) ^ ^ AH = -73.023 KJ mot! 
Subtracting, we have | 
HCI(40 НСІ) + aq > НС) AH =-2.122 kJ mol" 


The differential enthalpy of solution is defined as follows: 


It is the enthalpy change when 1 mole of : solute i is dissolved in a very large volume 
of a solution of known concentration so that there occurs no appreciable change 
in concentration of the solution, 


The vn of differential enthalpy of solution for a given concentration of solution is 
given by the slope of the curve between AH and п, drawn at the point corresponding 
to tlie given concentration of solution. Mathematically, it may be expressed as 


d(AH)/dn,. 
Alternatively, the differential enthalpy of solution may be defined as follows. 


. Let (АН) be the change in value of AH when an infinitesimal amount da, of 
solute is added to a solution of definite composition. By an infinitesimal amount 
dn, of solute, we mean that its addition does not cause any appreciable change in 
composition of solution. If we divide @(А Н) by dr, we get the differential enthalpy 
of solution d(AH)/dn,. Thus, the differential enthalpy of solution may be defined as 


It is the change in AH per unit amount of solute when an infinitesimal amount of 
the solute is added to a solution of definite concentration. 


It may be seen from the shape of the curve of Fig. 3.9.1 that the value of the edis 
will depend upon the concentration of the solution. Thus, the differential enthalpy 
of a solution, besides depending on T and p, will also depend on the amount of 
solvent n, and solute n; present in the given solution, i.e. (А Н) /dn, = Т, p, nj, m). 


— Jt is for this reason that the concentration of the solution is mentioned while 


defining the differential enthalpy of solution. The following conclusions may be 
drawn from the shape of the curve between AH and n, as shown in Fig. 3.9.1. 


1. For smaller values of n,, the curve is almost linear; thus its slope will have а 
constant value and will be equal to AH/n,. Since the latter represents the integral 
enthalpy of solution, if foliows that the differential and integral enthalpies of 
solution are essentially equal for very dilute solutions. 


2. For higher values of пу, the curve is no more linear. In fact, AH does not 
increase as fast as 7; thus the slope of the curve décreases as the value of n, 
increases. In other words, the differential enthalpy of solution decreases as the 
concentration of the solution increases, and becomes zero when the solution is 
saturated. 


The differential enthalpy of dilution may be defined as follows: 


It is the énthalpy change when 1 mole of solvent is added to a large volume of the 
solution of known concentration so that there occurs no appreciable change in the 
concentration of the solution. 
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The value of differential enthalpy of dilution can be obtained by plotting AH of 
the solution at various concentrations against the amount of the solvent associated 
with a definite amount of solute, and finding the slope of the curve at a point 
corresponding to any particular concentration. 


The differential enthalpies of solution and dilution are essentially the partial molar 
enthalpies of solution of solute and solvent, respectively, which are commonly 
used while dealing with solutions. Ї Consider a solution containing the amount п 


о solvent and the amount ny of solute. In general, 


AH = = f(T, P, 1]; n). 
The differential of AH is. dio by 


aT Pt Ny cae др. Т,п,п, dd 


e TE dn, 
дт Т,р,п, дп, Т,р,п 


АН) = (GR 


‘At constant temperature and pressure, this reduces to 


(AH) = [ш] TE E 
дп Т,р,п : дп, Т,р,п 


ОГ d(AH) = (AH, om) dn + (АН, o) dn, 


where AH, pm and АН, pm are known as partial molar enthalpies of solvent and 
solute in the solution, respectively. It can be seen that AH, pm 15 equal to the slope 
d(AH)/dn, of the plot of AH versus n, for a series of solutions in which n; is kept 


constant. Comparison of this with the definition given at the beginning shows that 


the differential enthalpy of solution is really the partial molar enthalpy of solute 
in the solution, i.e. AH, pm Similarly, the differential enthalpy of dilution is the 
corresponding partial molar enthalpy of the solvent, i.e. AH, por 


Enthalpy of hydration of a given anhydrous or partially hydrated salt is the enthalpy 
change when one mole of it combines with the requisite amount of water to form a 
new hydrated stable salt. For example, the hydration of anhydrous cupric sulphate 
is represented by | 
CuSO,(s) + 59,0(1) 2 СиО, · 5H,0(s) 
There 1s almost invariably a liberation of heat in such reactions, i.e. the value of 
AH is negative. The value of enthalpy. of hydration can be readily calculated from 
the integral enthalpies of solution of the hydrated and anhydrous salts. For example 
. CuSO,(s) + 800 H O(I) ээ CuSO,(800 H,O) , ALI = -68.743 kJ mol" 
CuSO,.5H,0(s) + 795 H50(I) ^ CuSO,(800. Hj). | 
| ` А.Н = 10.125 K mol ! 


See Section 6.1. 
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Hence by subtraction, we get | | 
CuSO,(s) + SH,O(1) => CuSO,SH,O(s) А, Н = 78.868 kJ mol” 


At 25 °C, 1 mole of MeSO, was dissolved in water. The heat evolved was found to be 91.211 
kJ. One mol of MgSO, : 7H,0 on dissolution gives a solution of the same composition 
accompanied by an absorption of 13.807 kJ. Find the enthalpy of hydration, i.e. AH for the 
reaction. | 


MeSO{s) + 7Н,О@) -> MgSO,.7H,0(s) 


Given that 
(i) MgSO,(s) + aq > MgSO,{aq) А.Н, =- 91211 kJ mol” 
(ii) MgSO,- 7H,O(s) + aq MgSO,(aq) - А.Н, = +13.807 KI тог! 
Equation (i) can be considered to proceed through the following two steps: 
MgSO,(s) + 79,0(1) ^ MgSO,7H;O(s) AH =? | 
MgSO,-7H,0(s) + aq > MgSO,(aq) | A, Hy = +13.807 kJ mol! 


According to Hess’s law, we get 
Ау + АН, = АН, | 
Anya = AH, - АН, | 
-— 91211 kJ mol! - 13.807 kJ mol! = -105.018 kJ mor"! 


Enthalpy of neutralization is defined as the enthalpy change when one mole of H* 
in dilute solution combines with one mole of OH to give undissociated water, i.e. 
Над) + OH (aq) > H;0(1) A uH = — 55.84 kJ mor! 

In this reaction, there is always a release of heat because of the bond formation 
H—OH. Whenever one mole of a strong monoprotic acid (HCl, HNO,) is mixed 
with the one mole of a strong base (NaOH, КОН), the above neutralization reaction 
takes place, since these acids and bases are present in the completely dissociated 
from in dilute solutions. The corresponding enthalpy change is of the order of 
-55.8 kJ mof”. 


Ја general, the enthalpy change of the reaction 
H'(nH50) + OH" (8,0) > H,0(1) 


depends on the value of п and may be visualized by mixing HCl(nH,O) and 
NaOH(nH,,0). The reaction’ is 


HCl(nH,0) + NaOH(nH,0) э NaCl(nH,,0) + H,0(1) 
The enthalpy change in the above reaction is 


A,H = A; H(NaCl - nH,0) + 4, H(H,O, 1) 


~AH(HCI - nH,O) — A, H(NaOH .nH,0) 


f Actually, we will get NaCK(2n + 1) H,O) instead of NaCl(nH,O) + Н,0(1). However, 
we may consider this hypothetical reaction just to show that AH of neutralization depends 
on the value of n. | 
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For different values of n, the values are. .. . | 
‚п = 100; A H= [- 407.07 — 285.83 — (—165.93) – (— 469.65)] kJ mol! 
"m --5132k mol! - | | 
п= 200; A, H= [- 406.92 – 285.83 – (-166.27) — (— 469.61)] kJ mol" 
= — 56.87 kJ mol" 
А.Н = [- 407.27 – 285.83 — (- 167.16) — (- 470.10)] kJ mol“ 
= — 55.84 kJ mol” | | 
When n = ce, the neutralization reaction may be written as 
dd H'(ag) + OH (aq) > H,O) -. ALH = -55.84 kJ mor! 
Enthalpy of Whenever a weak acid (or base) reacts with a strong base (or acid), the release of 
lonization : heat is less than 55.84 kJ mol |, It is because of the fact that these acids or bases 
are not completely ionized in solution. Some of the heat is consumed in ionizing 
. these acids and bases. This heat is known as enthalpy of ionization. Examples are 
HCN + Маон” > № + CN 4H ДА = -02.13 KJ mol” 
CH,COOH + Na* ОН — Na* + СН,С00 + H,O 
AH? = — 49.86 kJ mol! 
The enthalpy of ionization can be calculated as follows. The neutralization of a 
weak acid, say HCN, may be represented in two steps, namely, 
j (i) Ionization | HCGNOH'*CN |. AH? 
| (ii) Neutralization H*+OH HO  . AU? =-55.84 kJ mol 
| The complete reaction is obtained by adding the above two steps. Thus 
НСМ+ОН 2HO*CN A, = -12.13 kJ mol” 
Obviously, 
AH? =A 


П = оо; 


2 
| 
| 
| 


Enth: 
Preci 


Enth: 
Atom 


Enth: 
Form 


one T As FT 
УБА ae ee __, 
= [-12.13 - (- 55.84)] kJ mor! 


j ^ = 43.71 kJ mol”! 


or | А ioniz 


Example 3.9.5 Enthalpy of neutralization of HCl by NaOH is -57.32 kJ mol™ and by NH4OH is —51.34 


kJ mol". Calculate the enthalpy of dissociation of NH,OH. illust 


ы 


Solution \ Given that 
H'(ag) + NH,OH(aq) > NHi(aq)+H,O(l) А.Н = -51.34 kj тог! 


We may consider neutralization in two steps: 


(i) Ionization МН,ОН(ад) > NH,(aq) + ОН (aq) A,H, =? 


(ii) Neutralization H'(aq) + OH (aq)  H;O(l) А.Н, = -57.32 К] mol” 
| Thus, АН = ALH, + ALH, 
| Therefore . 


АН = A,H - A,H, = -51.34 KJ mol! 5732 KJ mol" = 598 kJ mol! 
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Enthalpy of transition 15 the enthalpy change when one mole of one allotropic form 
changes to another. For example, . 


C(graphite) — C(diamond) — ASH? = 1.90 К] mor 


The enthalpy of transition in the above example can be obtained from the 
enthalpies of combustion of C(graphite) and C(diamond). 


C(graphite) +-0,(g)  CO«(g) А„Н° = -393.51 kJ molt 
C(diamond) + 0,(g) > CO,(g) А„Н° = -395.41 kJ mol”! 


. Subtracting, we have 


(graphite) — C(diamond) Ans Н° = 1.90 kJ mor! 


Enthalpy of precipitation is the enthalpy change when one mole of РШЕ IS 
formed. For example, - 
BaCl,aq) + Na;SO (aq) > BaSO,(s) + 2NaCl(aq) 
A H° = 2427 kJ mol" 


Enthalpy of atomization refers to a process in which a substance is separated into 
its constituent atoms in the gas phase. The corresponding reaction equation. carries 
stoichiometric number of the substance equal to —1. Example is 


H,0()  2H(g) + O(g) А, H= 69.94 kJ mol! 
We have seen that | 
Над) + OH (ag) > H5O(1) AH? = -55.84 kJ mol! 


For this reaction, we write 
A H° = A,H°(H,0, 1) - {А НН", ад) + АНОН, aq)} 
Hence at 25 °С, we get 
АНН“, aq) + Ae H(OH', aq) = A, H°(H,O, 1) - AP? 
= [-285.83 — (-55.84)] KI mot! = -229.99 К] mol 
By convention, the standard enthalpy of formation of H (aq) is taken to be zero. 
Thus ЛАОН, ад) = – 229.99 kJ mol! —- 


With the enthalpies of formation of these two ions, the enthalpy of formation of — 


any other ion can be found from the enthalpy of formation and enthalpy of solution 
of its pure compound with H* or OH”. For example, the enthalpy of formation 
of Na’ can be calculated from the enthalpy of formation and enthalpy of infinite 
dilute solution of NaOH. The two values are | 
AcH*(NaOH, s) = – 425.61 kJ mol” and A, (NaOH, s) = ~ 44.50 kJ mot” 
The chemical equation for the formation of infinite dilute solution of NaOH(s) is 
NaOH(s) + nH5O(l) > Ма (ад) + OH (aq) 
itty „H° NaOH, s) = — 44.50 kJ mol" 
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Since there are equal amounts of water on both sides: of the above ш the 3.10 
two enthalpies give no net effect and thus - | | Defi 
erin 
AH (NaOH, s) = ЛН’, aq) + А,Н°(ОҤ, aq) — А,Н°(ЧаОН, s) 
ог А{Н(Ма,аа) =A,,H°(NaOH, s) - АНОН”, ад) + A;H'(NaOH, s) | 
= [= 4.50- C229. 99) + (- 425.61)] KJ mot! | 
S =- 240. 12 kJ mol" 
j | Similarly, from NaCl(aq) or НСқад), the enthalpy of fost of CT (aq) can be 
13 determined, and so on. These are recorded in Appendix 1. The changes in enthalpy 
{ 3 | of any ionic reaction can then be found from these ionic enthalpies of formation ` 
| and the usual enthalpies of formation of compounds. 
| | Example 3.9.6 The iy of formation of H,O(1) is -285.83 kJ mol! and enthalpy of fieutralization of 
l , a strong acid. апі a strong base is -55.84 kJ mol". What is the enthalpy of formation of 
f КО ОНГ ions? 
| | Solution -Given that - | | 
» Е | H* (aq) + OH (aq) > H,0(1) 
^s AH 0 с 285.83 KJ mol” 
x A euH = ApH(H,0, 1) - AHO, aq) 
T Hence A, H(OH’, aq) = A, H(H,0, 1) - AU 
| | | 
H | = [- 285.83 - ( — 55.84)] KJ mor! 
i | = — 229.99 К] mol”! 
Example 3.9.7 Calculate АН? for the reaction 
Ag (aq) + Cl'(aq) > AgCl(s) | | 
at 25 °С. Given: A H (Ag, aq) = 105.58 KJ mol”, ЛСГ, ад) = – 167.16 kJ mol and 
A H'(AgCI, s) = — 127.07 kJ тог". | 
Solution į For the reaction — — 
Ag (aq) +-CI'(aq) > AgCl(s) 
we have | | Calc 
; А.Н = AH (AgCl, ѕ) – ApH°(Ag’, ag) - ApH°(CT, ад) —— Bon: 
~ = [- 12207 - 105.58 — (— 167.16)] kJ mol = — 65.49 Ю mot! 
X. tf ona = es oe ep ey ey ae | 
Example 3.9.8 Calculate the enthalpy change when one mole of HCl(g) is dissolved in a very large amount 
| of water at 25 °С. The change in state is ; 
HCl(g) + aq — Н'(ад) + Cl (aq) 
Given: A,H'*(HCl, g) = – 92.31 kJ mol! and Л, H°(CI, ag) =~ 167.16 kJ mol” 
Solution For the reaction 
| HCl(g) + aq — H'(aq) + Cl (ag) 
we have | 


AF? = AGH(CE, аф) - A,H'(HCI, р) 
is 167.16 - (- 92.31)] kJ mol! 
= — 74.85 kJ mor! 
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3.10 BOND ENTHALPIES | 


Bond enthalpy of a given bond is defined as follows: 


The bond enthalpy is the average of enthalpies required to dissociate the said bond 
present in different gaseous compounds into Hee atoms or radicals in the gaseous — 
State. 


The term bond enthalpy may be distinguished form the term bond dissociation 
enthalpy which is defined as follows: - 


The bond dissociation enthalpy is the enthalpy required to dissociate a given 
bond of some specific compound. 

The distinction between these two terms may be more evident if described in 
terms of a simple example, say of the O—H bond. The enthalpy of dissociation 
of the O—H bond depends on the nature of molecular species from which the H 
atom is being separated. For example, in the water molecule 

H,O(g) > H(g) + OH(g) А.Н = 9 = 501.87 kJ mol 
However, to break the O—H bond in the hydroxyl required a different quantity of 
heat : 
ОН) > Og) + Н) _ АН = 42338 kJ molt - 
The bond enthalpy, Egy, is defined as the average of these two values; that is 


-] -1 Р 
TS тыште UNUS. = 462.625 KJ mol! 


In the case of diatomic molecules, such as H,, the bond enthalpy and bond 


dissociation enthalpy are identical because E refers to the reaction 


Н,(р) > 2H(g) (0 б y = А.Н = 435.93 kJ mol”! 


Thus, the bond enthalpy given for any particular pair of atoms is the average 
value of the dissociation enthalpies of the bond for a number of molecules in which 
the pair of atoms appears. Appendix I records the recommended bond enthalpies 
of the various bonds. 


Bond enthalpies can be obtained from data on enthalpies of combustion and 
enthalpies of dissociation. EE an example of the bond enthalpy of C—H, we 
have 


CH,(g)  C(g) + 4H(g) Ecg = АНА 


The value of Л Н and hence £y for this reaction can be obtained from the 
summation of following equations: 


CH,(g) + 20,(g) > CO,(g) + 29,00) А.Н = -890.36 kJ mol” 
СО) — C(graphite) + 0,(g) А.Н? = 393.51 kJ mol 
2Н,0(1) > 2H,(g) + O,(g) А.Н = 571.70 kJ тог! 
2H,(g) > 4H(g) | AH? = 871.86 kJ mor! 
C(graphite) > C(g) —— A H° = 716.68 kJ mol! 


CH(g)C(g)*4Hg) — — |... Ad = 1 663.39 KJ mol 
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Thus; at 298. 15 K, fone meee = 415.85 kJ mol” 


Thus value of the C—H bond enthalpy does not correspond to the dissociation 
enthalpy of the carbon-hydrogen bond 1 in methane, which is 426.77 kJ mol and 
refers to the equation 


‚ CH,(g) э CH;(g) + H(g) 
Find the bond enthalpy of S—S bond from the following data: 
C,H; —S—C,H(g)_ © A = = -147.23 kJ mol”! 
CH, S-S—CH@) | | Ag? = -201.92 kJ mol” 
S 2 ДУН? = 222.80 kd mor" 
Given that | 
(i) 40(s) + SH) +58) > ОН = S — Сн,(в) AH? = –14723 kT mor? 


(it) 4C(s) + 5H,(g) + 28(s) + CH; —S—S—CHg) A^ = -201.92 kJ mol! 
an Ед. (i) from Eq. (ii), we get 


СН; — 5 — СНВ) + 56) > CH; — S — 5 — CHy(g); 4 „Н = -54.69 kJ mol" 
Adding to s the following equation 
S(g) > S(s) | AH? = 222.80 Итог 
. We get | 
СН; — S — CjHs(g) + S(g) > CA, - — S — S — C,H;(g); ALH? = -277.49 kJ mol” 


In the last equation 277.49 kJ of heat is evolved because of the S—S bond formation. Hence, 
the bond enthalpy of S—S is 277.49 kJ mor! 


Diagrammatically we may represent the above calculations as follows: 

осие NN 

RM d + S(s) NET H-C-C-S-S-C-C-H (g) 
| HH BH 


| АН) | = co~ Mc 
-Ecs —Es.g 


H H E 


4C(g) + 10H(g) + S(g) * S(g&e—— — H- e C- S-S- c- C- H 


H H H H 
According to Hass’s law 


AH Enthalpy i involved in bond breaking ~ Enthalpy involved in bond making 
= [266 ct 1066 yt 265 + Au H(G)] + [-2&c c- 106 н 265 —& 5] 
= Aq, H (S) - & s 
Of &5= Ad. (S) - AH" 
= = А.Н" (S) - [AH (CH - $-S-C H) - AH'(CH, - S - С,Н.)] 
= [222.80 ~ {-201. 92- a 29] kJ mot! 
= 27149 kJ md - 
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- Example 3.10.2 Using the bond enthalpy data given below, calculate the enthalpy change for the reaction 
СН) + H,(g) э CH gg) 
| | Data: i КЕК 
поп | Bond Bond enthalpy 
and | 4 
C—C 336.81 kJ mol: 
С=с 606.68 kJ mol"! 
m C—H 410.87 kJ mot’ 
| H—H «43179 KJ mor! 
Solution Diagrammatically, we may represent the given reaction as follows: 
` б жоо. HH 
: & ean H(g) i re H 
ww М | | 
| H 
зг! dos 
aor! dE | | | Break | Break bond Make 
| ; 1- bönd bonds | 
| H H 
Du Ж 
2C(g) + 4H(g) + 2H(g) <—  H-C-C-H 
г! bd 
00 HH 
or The heat required to dissociate C,H,(g) and H,(g) into the gaseous atoms is 
m For breaking 1 С=С — 606.68 kJ mol”! 
For breaking 4C—H 4 x 410.87 KJ mor! 
For breaking iH—H 431.79 kJ mot 
Total ! 2 681.95 kJ mol" 
If the same atoms now combine to give C,H,(g), energy released will be 
E For making 1C—C – 336.81 kJ mol”! 
2 For making 6C—H - 6 х 41087 KJ mol”! 
Total - 2 802403 kJ mol” 
Thus А.Н = – 2 802.03 KJ mol” + 2 681.95 К] mol! = -120.08 kJ mol! 
| ұхатріе 3.10.3 From the following data: 


Enthalpy of formation of СН;СМ = 87.86 kJ mol” 

Enthalpy of formation of C,H, = — 83.68 kJ mol” 

1 Enthalpy of sublimation of graphite = 719.65 kJ mol" 

| Enthalpy of dissociation of nitrogen = 945.58 kJ mot! 

A . Enthalpy of dissociation of Н, = 435.14 kJ mol”! 
C—H bond enthalpy = 414.22 kJ mol" | 

Calculate (i) &c c; and (ii) £y. 


mn————— ———— 


—————— ———— d 
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Solution 


ми. 


(i) & c: We have | m 
C;H«(g) — 2C(graphite) + 3H;(g) —— AH, = 83.68 kJ mol! 


2C(graphite) 2 2C(g) —— | А.Н, = 2 x 719.65 kJ шог! 
3H,(g) 2 6H(g) | А.Н, = 3 x 435.14 kJ mor! 
Adding, we get | | 
Нив) 9 2C(g) + 6H(g) A,H,-2828AkI mol! 


Now — A,H,- &.ctÓ&c н 


Therefore 


6с р 828.4-6x 414. 22] kJ mol! = 343.08 kJ mol”! 


Diagrammaticaly, the above calculations may be represented as follows: 


H H 
oe, i АН | | 
2C(graphite) + 3H,(g) | ———9 x 

H H 


Amg АН, | diis | [ Example 3 


HH 


1g) + 6Hg ^ > OCH 
Е HH 
Applying Hess's law, we get | 
АН = MT, + MH, - 6 & - ёс | | 
-83.68 kJ mol! = (2 x 719.65 + 3 x 435.14 — 6 x 414.22) kJ mol! - ёс ( | | Solution 
& c = (1 4393 + 1 305.42 2 485.32 + 83.68) К] mol! t 
= 343.08 kJ mol" 


(il) 6-м : We have 
CH,CN(g) > 2C(graphite) + 3 Нв) + 4N,(g) AH, = – 87.86 k mol” 


2C(graphite) + 2C(g) A „Н, = 2 х 719.65 kJ mol" 

3 Н) + 3H(g) А.Н, = 3 x 435.14 KJ mol” 
| 2 

2 Me) + NO АН, = ; x 945.58 kJ mol”! 


Adding, we get 
CH,CN(g) - 2C(g) + 3H(g) + М) А.Н; = 2 476.94 kJ mol” 


Now А.Н; = foot 36 t Econ 
Therefore o 


„у = [2 476.94 -3 x 41422 — 343.08] KJ mol = 891.2 kJ mol! 
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Diagrammatically, the above calculations may be represented as follows: — 


© 2C(graphite) +3 He) + ANAE) A, H—C—C zN(g) 


H 
AH, AH, AH, 0 "cu Ecc 
E А | Н zo) © сым 


озб) + зң + му 4> CCN 


H 


Ё 


Applying Hess’s law, we get | 
АН=АН,+АН, + AH, - (36g gp 6с с+ Econ) 


87.86 = 2x 719.65 + “x 435.14 +; 945.58 - 3x414.22 – 343.08 – £c / К] mol! 


Ecay = (1 439.30 + 652.71 + 472.79 – 1 242.66 — 343.08 – 87.86) kJ mol! 
= 891.2 kJ mol"! 


Calculate the bond enthalpy C—H from the following data at 298 K: 


Enthalpy of combustion of methane A H = -890.36 kJ mol! 
Enthalpy of combustion of C(graphite) - А.Н = -393.51 kJ mot! 
Нуе) + 4.0,(g) ^ H,0(1) А.Н = -285.85 kJ mol”! 
Enthalpy of dissociation of H,(g) АН = 435.93 kJ mot" 
Enthalpy of sublimation of C(graphite) Aus H = 716.68 К] mot! 
We have | 
(i) СН) + 20,(g) ^ CO,(g) + 2H,0(1) A „Hagg = -890.36 kJ mol” - 
(ii) C(graphite) + O(g) > CO,(g) А.Н, = -393.51 kJ mol 
(iii) Нв) + O(g) > Н,0(1) A Hogg = -285.85 kJ mol 
(iv) H,(g) ^ 2H(g) A „Hagg = 435.93 К] mot! 
(v) (graphite) — C(g) | A sup ogg = 716.68 KJ mol! 


If we do the following manipulations 
Eq. (1) - Eq. (ii) — 2 Eq. (ш) + 2 Eq. (iv) + Eq. (v) 
we get — CH4(g) > C(g) + 4H(g) 
The corresponding A, Hygg is given by | 
А.Н,ву= [-890.36 + 393.51 + 2 х 285.85 + 2 х 435.93 + 716.68] КТ mol” 
= 1 663.39 KJ mol’ 


that is, 1 663.39 kJ is requried to dissociate one mole of CH,(g) into gaseous atoms in 
which 4 mol of C—H bonds are broken. Therefore 


_ 1663.39 KJ mol”! 


fon : = 415.85 kJ mol” 
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The date on the bond enthalpies can be employed to calculate the approximate 
enthalpy of formation of a compound of known structure by adding the appropriate 
bond enthalpies. Wherever direct experimental data is not available, approximate 
estimate of enthalpy of a reaction can also be obtained through the bond enthalpy 
data. | 


Let us calculate the enthalpy of formation of Se,Cl,(g). This can be carried out 
using the data on bond enthalpies as described.in the following: 


Since the bond enthalpy refers to the dissociation of gaseous CI—Se—Se—CIl 
molecule into the gaseous atoms, the enthalpy change for the formation of this 
gaseous molecule from gaseous atoms is given by 


2Se(g) + 2CK(g) + Se;CL(g) 
AH = ~ (Eg, ge + 265, о) = — 695.54 KJ mol! 


However, to ‘estimate the enthalpy of formation it is necessary to add two 


. reactions in the above equation since by definition the enthalpy of formation refers 


to the elements in their standard states. Therefore, we introduce the following 


enthalpy changes to convert the element from their standard states to the gaseous 


atoms at 298 K. 
Che) = 2016) А.Н, = 24330 К] mor! - 
2Se(hexagonal) —› 2Se(g) AH, = 2x 202.51 kJ mol! 
Thus adding these in the preceding expression, we get 


2Se(hexagonal) + Cl,(g) > SeCb(g) A,H = -4722 kJ mol! 


Diagrammatically the above calculations may be represented as follows: 


AH 
25е(һехаропаї) + Cl(g) ^ ———»9  Cl—Se—Se—CK(g) 


—Ége.ge- 26608 


2Se(g) + 2Cl(g) | «——9 CI--Se--Se---Cl 
According to Hess's law, 
АН = AH; + A, - (& е + 25 c) 
= (243.30 + 2 x 202.51 — 695.54) kJ mol! 
= – 47.22 kJ mol! 


Using the bond enthalpy date given below, estimate the enthalpy of formation of gaseous 


isoprene 
CH,—C—CH-CR, 


CH, 


Data Bond enthalpy of C—H bond = 413.38 kJ mol! 
Bond enthalpy of C—C bond = 347.69 kJ тоГ' 


Sols 


Es! 
Еп! 
Ке; 
Во! 
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Bond enthalpy of C=C bond = 615.05 kJ mol! 

Enthalpy of sublimation of carbon(graphite) = 718.39 kJ mol? 

Enthalpy of dissociation of H,(g) = 435.97 К mol! . 
Solution For isoprene, we have to form 


.. 2C—C bonds; 2C =C bonds and 8C—H bonds 
For which energy released is 
| {2 {— 347. 69) + 2 (- 615.05) + 8 (— 413. 38) kJ mol! = – 5 232.52 К) mot 
that is, AH (from gaseous atoms) = — 5 232.52 kJ mor" 
The reaction corresponding to this is 


г 5C(g)  88(g) > СН, А.Н, = – 5 232.52 kJ mot” 
But we want ApH corresponding to the following equation 
 5C(graphite) + 4H,(g) > C.H,(g) Ag =? | 
This can be obtained by the following manipulations: | \ 
^ 5C(p) + 8HE) > СН) A Hy = -5 232.52 3 mot! 
5C(graphite) — 5C(g) — — | А.Н, = 5 x 718.39 kJ mot" 
4H. (g) — 8H(g) А.Н, = 4 x 435.97 kJ mol" 
Adding, we get , 
5C(graphite) + 4H,(g) ^ CsH,(g) — - AH = 103.31 kJ mol” 


Оза the above calculations 2 be represented as follows: 


SC(graphite) + AH, (g) BEGUN CH, —C—CH-—CH,(g) 
Р 


| 


CH, 


| Log Ecc 7 Sg 


5C(g) + 8H(g) — 
Applying Hess's law, we get | 
АН = АН, + А.Н, 26-с- 266 с- 86 н 
= (5 х 718.39 + 4 х 435.97 -2 x 615.05 — 2 x 347.69 — 8 x 413.38) kJ mol! 


= 103.31 kJ mot! 
Estimation of . _Let the enthalpy change for the reaction 
Enthalpy of a C,H,(g) + HCKg) > C;HsCI(g) 
Reaction from be required from the bond enthalpy data. This may be calculated as follows: 


Bond Enthalpies Enthalpy required to)  / Enthalpy released to from 


А.Н = | break reactant into f+] products from the 


gaseous atoms ; gaseous atoms 


= [466 н + £c + &cal + E56 -~ Ecc со] 
= (&c-c + Ec) - (£c * Ecc * Ecc) 
Substituting the bond enthalpy values, we have 
АН = [(615.05 + 431.79) – (413.38 + 347.69 + 328.44)] kJ mol! 
= ~ 42.67 kJ mol” 
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Bond Enthalpies 
and Resonance 


Example 3.10.6 


Solution 


. involving alternate single and double bonds, however, n large deviations are observed. 


Agreement betweeri the calculated values of enthalpy of formation obtained by using 
the bond-enthalpy concept and any other method is usually good. For compounds 


For example, the reaction 
CeH,(g) — 6C(g) + 6H(g) 


Benzene 


will require enthalpy of 5 368.5 kJ mol” on the basis of bond enthalpies (3 Ect 
3 oc + 6 fon) = (3 x 347.69 + 3 x 615.05 + 6 х 413.38) KJ mol” = 5 368.5 kJ 
mol! , whereas the experimental value is 5 535.1 kJ mol !. This amounts to the 
fact that benzene is more stable by 166.6 kJ mol”. This is due to resonance, i.e. 
there is no localization of single and double bonds in benzene, but the molecule 
is resonating hybrid. 


Calculate the resonance energy of benzene compared with one Kekule structure. Given the 
following data: : | : 

A,H°(methane, р) = -74.85 kJ mol! 

A,H°(ethane, g) = — 84.68 kJ mol” 

A -H°(ethylene, g) = 52.3 kJ mol! 

AH (benzene, р) = 82.93 kJ mol! 

Enthalpy of sublimation of carbon(graphite) = 718.39 КТ mol! 

Dissociation enthalpy of H, = 435.89 kJ mol! 


In order to calculate the resonance energy of benzene, we need to a compute А+Н° from 
the bond enthalpy data. For this, we need C—C, C=C and C—H bond enthalpies. These . 
can be calculated as follows: 


(i) Bond enthalpy of C—H from AH? (methane): We have 


| zi Exampl 
CH,(g) — C(graphite) + 2H.(g); A H° = + 74.85 kJ mol 
C(graphite) — C(g); AH? = + 71839 kJ mol” 
2H,(g) > 4H(g); AH? = 2 х 435.89 kJ mol" 


Adding, we get Solutioi 


CH,(g)  C(g) + 4H(g); А.Н? = 1 665.02 kJ mol! 
Now А.Н? =4 с therefore 
zi 
fou = Еши = 416.255 mol” 


(ii) Bond enthalpy of С—С from A, H°(ethane): We have 


C,H,(g) = 2C(graphite) + 3H,(g); A.H? = 84.68 kJ mol" 

2C(graphite)  2C(g); А.Н? = 2 х 718.39 kJ mol”! 

3H,(g) > 6H(g); A, H° = 3 x 435.89 kJ mol” 
Adding, we get 

сн) > 2C(g)+6H(g); — — A.H? -2829.13 kJ mor! 


using 
ounds 
erved. 
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8.5 kJ 
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Now AH? = ect becu — E 
Thus Ecc = {2 829.13 - 6 x 416.225] kJ mol! = 331.60 kJ mol”! 
(iii) Bond enthalpy of C = C from AH" (ethylene): We have 
Св) > 2Cgraphite) + 290); A, H° =- 52.3 Ы mol”! 
2C(graphite) — 2C(g); AH? -2x 718.39 kJ mor! 
жй з —— 7 AJD-2x 0589] mor! 
Adding, we get | 
CjHé(g) ^ 2C(g) + 4H(g); AH; = 2 256.26 kJ mor! 
Now. ^ Д = +46 н BEN 


Therefore . 7 
тас 7 (2 256.26 - 4 x 416.255) kJ mol! = 591.24 kJ тог! 
(iv) Ad? (benzene) from the bond enthalpy data: We have 


.. 6C(g) + 6H(g) ^ СеНебв); А.Н = — (360 c + 3&.c + 66c y) 
| | = —5 266.05 kJ mol 
6C(graphite) + 6C(g); A,H° = 6 x 718.39 kJ mol” 
- 3HE) > 6H(g); — — А,Н° = 3 x 435.89 kJ mol! 
Adding, we get 


6C(graphite) + 3H,(g) > C,H,(g); AH? = + 315.96 kJ mol”! 
(v) Resonance energy of benzene(g): 

Actual value of A ,H° = 82.93 kJ mol”! 

Calculated value of A,H? = 351.66 kJ mol”! 


Thus, benzene becomes more stable by +269.03 kJ mol '. Therefore, its resonance energy 
is 269.03 kJ mol”. 


The enthalpy of formation of ethane, ethylene:and benzene from the gaseous atom are 
— 2 839.2, — 2 275.2 and — 5 536 kJ mol !,, respectively. Calculate the resonance energy of 
benzene, compared with one Kekule structure. The bond enthalpy of C—H bond is given 
as equal to 410.87 kJ mol”. 


Bond enthalpy of C—C bond = Enthalpy required to break C,H, into gaseous 
atoms — 6 x Bond enthalpy of C—H bond 
2 8392 kJ mol”! — 6 x 410.87 kJ mol! 
373.98 kJ mol 
Bond enthalpy of C=C bond = Enthalpy required to break C,H, into gaseous 
atoms.— 4 x Bond enthalpy of C—H bond 

= 2 275.2 kJ mot! - 4 x 410.87 kJ mol 

= 631.72 kJ mol! 
For the formation of benzene having Kekule structure, we have to from 3 C—C bond, 
3 C=C bonds and 6 C—H bonds for which enthalpy released is | 
——. [8(-37398 + 3 ( - 631.72) + 6(— 410.87) kJ тог =- 5 482.32 kJ mol 
But the given value of AcH is 

A,H(actual) = — 5 536 kJ mol! 
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Hence the resonance energy of benzene compared with one Kekule structure 
= A ,H(actual) — A,H(Kekule structure) 
= (= 5 536 + 5 482.32) kJ mol! 
= — 53.68 kJ тог! 


311 VARIATION IN ENTHALPY OF A REACTION WITH TEMPERATURE 
(KIRCHHOFF'S RELATION) 


Sometimes it is necessary to know the enthalpy of a reaction at a temperature 
different from that at which the value is-available. Therefore, we consider below 
the procedure that can be used for this purpose. 


Consider a general reaction 


оа M | 
we have AH = (I Hy ptm Ay yt) (а Ay at b Hag) 


. ]ts variation with temperature at constant DER is given as 


бал) pus |> |. 
482) 89) -- 


Now the variation of enthalpy of a substance with temperature at a SEU 
pressure is given by 


oH 
аша 77 
ur)" 
With this, the previous equation becomes 
Q(A.H | 
vx! ={(IC, (D) + MC, M) + ) - ((a Cua (A) 
+b C, (В) +) = AC, 3.11.1)! 


Rearranging this equation, we have | 
d(A.H) = AC, dT (constant pressure) (3.11.2) 


which on integration at constant pressure gives 


Ja(^.H) = [(A,C, aT 


"For a general reaction 0 = LvgB, .we have AC Y VC po (B) 
B 


oT 


B 


| 2 (0) E TN S 
Thus VET т n6) AC, 


Exa 


Sol 


erature 
‘below 


1 given 
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or. AH=[(A,C,)dT+l —— (3.11.3) - 


where I is the constant of integration. Equation (3.11.3) is known as Kirchhoffs 


_relation. In order to carry out the above integration, it is necessary to know the 


temperature dependence of molar heat capacities of the reactants and products. 
We may consider two possibilities as given below. | 
A.C, independent of temperature In this case, we have 
AH = (АС, AT * I (3.11.4) 

The value of integration constant / can be obtained if the value of A,H at some 
ternperature (say, 298 K) is available. Alternatively, integrating Eq. (3.11.2) within 
the limits gives | 

А.Н, e A Hr, -A.CK(T, px Ti) 


H 


Calculate A. Нз for the reaction 

тко + моа) A, Hos = -33.18 Ы пог 
Given: С, (NO; g) = 3720 7 K тог"; С, „(On в) = 29.36 J K™ mol” 
С, „0, 8) = 29.13 TK" mol” | 


We have A,C, = Le Cpm (В) = Cm (NO; 8) - = С 00, 8) -Cp mlO; 8) 


= 0720 - : x 29.13 — 29.36) J К^! тог! 


= 6/3 J K mol! = – 6.73 x 10? kJ mol! 
Now А, Нз = A ogg + (A,C, ) (AT) 

= [33.18 + (- 6.73 x 10°) (373 — 298) | KJ mol”! 

= -33.68 kJ mol! 


_ AC, dependent on temperature The variation of C, m with temperature is usually 


given by the relation 
20277 / "т? d 

Cn ce POT te ж (3.11.5) 
where a’, b’, c’, are constants. Thus, the variation of A.C, of a chemical equation 
with temperature is given by 

AC, = (A,a’) + (А,Ь) T (Ас) T? + + (3.11.6) 
where A,a' = (Lag + m as...) - (аа, + b ау...) are so on. Substituting Eq. (3.11.6) 
in Eq. (3.11.3), we get 


AH = L* [ (Ad) + (AbT * (Ac)? + ---)dT 


which on integration yields 


150 А Textbook of Physical Chemistry 


Contribution of 
Phase Change 


Example 3.11.2 


. Solution 


g 


| Е т? T? 
AH = 1+ (AATE (Ab) — + (Aye) e (3.11.7) 


The constant of integration I in Eq. (3.11.7) can be evaluated if the value of AH 


at.some temperature (say, 298 K) is available. 


When a change of phase occurs in the course of change in temperature, the change 


in enthalpy for the change of state of aggregation must be included. For example, 


in the following reaction — | | | 
CH,(g, 298 К) +20,(g, 298 К) — CO; (g, 298 K) + 2H,O(1, 298 К) 
CH,(g, 500 K) + 20,(g, 500 К) ^ CO, (g, 500 K) + 2H,O(g, 500 K) 


a change in aggregation of water from liquid to gas occurs. Therefore, we must 
also add АН° corresponding to the following change 


2H,O(1, 298 K) > 2H,0(g, 500 K) - | 3.12 
This change may be considered as the sum of three of changes of state, that is ! 

2H;0(1, 298 K) > 2H,0(1, 373 K) 

2H,O(1, 373 K) ^ 2H,O(g, 373 K) 

2H,O(g, 373 К) — 2H50(g, 500 К) | 
The required AH? is thus the sum of the changes of enthalpy for all the three steps. 


One of the most important things to remember while employing Kirchhoff’s relation i 
is that the units of A, H° and A,C, should be the same. If A, Н is expressed 1 in kJ: t 
mol (which is mostly the case), then A,C, should also be expressed i in ЮК тої". 

The values of C, are usually tabulated i in J K mol. Therefore, these should be 
converted into KI KT mol! while using the Kirchhoff’s relation. Alternatively, 

A,H° may be converted into joules if С, are to be employed as such 


Calculate A H37,, for the reaction 
~N,(g) + 0,(g) > NO(g) cHoogy, = -33.18 kJ mol” 


Given: NO», gV/J K mol! = 27.78 + 30.85 x 10° (ТК) t 
(N,, р)/7 КЇ mol! = 2846 + 2.26 x 10° (TIK) 
mOn 8) K mol! = 26.85 + 8.49 x 10° (ТК) 


For the given reaction 


A.C, = Уу 


Examp 
= (тз -— X 28.46- 2685 + |3085 ~~X2.26- в) Nu K mol 


= [-13.30 + 21.23 x 10? (T/K)] J K mol 
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H ^ н . Т, доз 
ApH rq = АН вк + T (A;C,)dT 
1 
373K 


= -33180Fmol'+ | [{-13.30+21.23x10°(T/K)}I K mot" Jar 
298K | 


= -33180J mol! d navis K)42123x10? 


; 2 2\7 
x | н К) CE UK mot! 
2K 2K 


= (33 180 - 13.30 x 75 + 21.23 x 10° x 25 163) J mol” 
= (- 33 180 — 997.5 + 53421) J mot! = -33 643 J mol! =- 33.64 kJ mol! 


3.12 RELATION BETWEEN ENERGY AND ENTHALPY OF A REACTION 


Example 3.12.1 


For a chemical equation, the expression of A,H is 
A H= БУН, (B) | | 
where Vp is the stoichiometric mm of B in the chemical equation (it i is positive 
for products and negative for reactants). 
The molar enthalpy of B is given as 
Hy, = Ug + p, 
Substituting this in the previous expression, we get. 
AH = 2 gU, (В) + (ри: )ь] 
= EU (В) + Хув (рУ, )в 
Using the fact that | | 
РЁ = 0 for one mole of solid or liquid 
p= RT for one mole of gaseous species 


weget A, H= XVgU, (B) * ( È Vp) RT 
B Bg 


= AU + (AV,) RT (3.12.1) 
Where Av, is the change in the stoichiometric number of gaseous species in going 
from reactants to products. 


It should be noted that while computing Av, of a reaction, only the stoichiometric 
numbers of gaseous species 1s counted and those of liquids and solids are completely 
ignored. 


For the reaction 


- ЕНЕ) t- ; Pu)  HBr() 


A. Н - - 51. e Wd e at 373 K. Calculate the value of A,U for this reaction at 373 К. 
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Solution 


~~ Example 3.12.2 


Solution 


x 


In order to calculate A, U,7, y, we employ the equation 
AQU- AH-(Av) RT | 
Since Av, = 0 for this reaction, therefore 
A,U 7 AH = – 51.823 kJ mol! 


For the reaction | 
2A,(s) + 5B,(g) > 2A;B.(g) Ак = 62.76 kJ mot! 


Calculate A „Hogg for this reaction. 


We have 
A,H= AU (Av) RT 


AV, for this reaction =2-5=-3 
< Thus ДН 62.76 K] mol! + (3) (8.314 x 10? kJ K^! mol") (298 К). 


| = 62.76 kJ mol” — 7.43 kJ mol” 
= 55.33 kJ mol! 


3.13 ADIABATIC FLAME TEMPERATURE - 


At Constant 
Pressure 


Adiabatic flame temperature is a temperature which the system attains if the 
changes in the system are carried out under adiabatic conditions. For example, if 
we are carrying out an exothermic reaction under adiabatic conditions, the heat 
involved would raise the temperature of the system. The rise in temperature can 
be calculated by considering the reaction to take place in the following two steps, 
both at constant pressure. 

Step I: ^ Reactants(T,, p) — Products(T,, р) АН, 

Step II: — Products(7,, p) — Products(T;, p) АН,” 


The heat involved in the second step is given Бу 
А, H, = f. C, (products) dT 

Since the overall reaction is the sum of the above two steps, i.e. 
Reactants(Ts, p) > Products(T;, р) 

the net heat change is given by 
А.Н = A, Hy + А.Н, 


Since the reaction is carried out under adiabatic conditions, it is obvious that 


А.Н = 0. 
Thus A Hr, + A, Hy = 0 
or АН, = -A Hg. 
or K C (products) dT = – А.Н, 
Т, . | 19 


If C,s are considered independent of temperature, then 
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C (products) (T; Ту) = -A, Нр 
(^ Д.М. 
C (products) 

However, the approximation that Cs are independent of temperature is not correct 


since T; is a very large quantity Ан = kJ and C, = J) of the order of thousands 
of kelvin. db 


or (3.7.1) 


Taking the example of 


Сна) + 20,(в) — CO,(g) + 2H,0(g) 
we have | 
| А.Н = A4FI(CO,, g) + 2A T(H,O, р) - А,Н(СН„ р) 

= [-393.51 + 2 ( 241.82) – (-74.81)] kJ тог! 
= 802.34 kJ mor! 
| C(CO, + 29,0), ақ = [37.11 + 2033.58) J K^ mor” 
= 10427 J К! mor! 


— 80034 x10 Jmol! 


Thus Т —————4a a + 298 К = 7 694.83 К + 298 К 
| 104.27 JK" mol” 


= 7992.83 K = 8000K 


If the compound is burnt in air, each mole of oxygen is associated with four moles 
of nitrogen and hence these will also be raised to the final temperature. In the case 
of methane which requires two moles of oxygen, eight moles of nitrogen must be 
raised to the final temperature. In this case, the heat capacity of the products will be 


ССО, + 2H;0 + 8N;)ogg = [37.11 + 2033.58) + 8(29.13)] J K™ mor! 
= 337.31 JK" mol” 


| 802.34 x 10? J mol! 


ls ————_ y + 298 K=2 378.71 K+ 298K 
337.3 JK mol 


| = 2676.71 K=2 700K 


If the reaction takes place in a closed vessel, i.e. under the condition of constant: 
volume, then A.U and C, replace Д, and C,, respectively, i.e. 
N 


CAU) ^ 


Т, = - + 0 | 
C,Aproducts) x 


N 
N 


(a) Calculate the adiabatic flame temperature for the following reaction carried out under 
constant volume condition: 


CH,(g) + 20,(g) = CO,(g) + 2H,0(g) А.Н, = -803.33 KJ mot 


(b) If the above reaction is carried out using ай, what would be the flame temperature {air 
to be taken as 80% N, and 20% O,). 
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Given: С, (CO, в) = 36.29 TK" mo" 

С, (ЊО, g) = 33.58 J K' mol 

| C, (No 8) = 29.29 J K mor! 
Solution — | (a) For the reaction under constant us condition, we have 


-А, Ов 
C, (products) 
Using Суы" Cos - R, we have  —s.. ; 
- C,{CO, е 28,0] = [27. 976 +2 x 25 266] ] кі mol! 
= 78.508 J K” mol! 
Since Av, = = 0, therefore A U - A,H - 


AT, = Т1, 


803 303 J mol! 
78.508 J K^! mor! 
= 10232К+ 298 K = 10 530 К 


+ 298 K 


Thus Е = 


(b) If the reaction is carried out using air, then we have 
[27.976 + 2 х 25.266 + 8 x 20.976] J К^! mor! 
= 246.32 J K! mol 


-1 
T 803 303 J mol 4298K -3559K 


246.32 J Em 


© REVISIONARY PROBLEMS 


3.1 Explain with examples the following terms 
(a) Standard molar enthalpy 
(b) Standard enthalpy of an element 
(c) Standard molar enthalpy of formation 
(d) Hess's Law of constant heat summation 
(e) Enthalpy of formation · 
(f) Enthalpy of combustion 
i (g) Integral enthalpies of solution and dilution 
(h) Differential enthalpies of solution and dilution 
(i) Enthalpy of hydration 
(j) Enthalpy of neutralization 
(k) Enthalpy of ionization 
(D Enthalpy of transition 
(m) Enthalpy of precipitation 
(n) Enthalpy of formation of ions 
(0) Bond enthalpy and bond dissociation enthalpy 
(p) Adiabatic flame temperature 
3.2 Derive the following relations: 
(i) Kirchhoff’s relation 
(ii) AH = AU + (Лу) RT 


fi 


Ent 
Rec 


Enthalpy of 
Reaction 


LI 


3.10. Comment upon the statement: 


(a) OH(g) > H(g) + O(g) 
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TRY YOURSELF PROBLEMS 


А student made the following erroneous statement in a laboratory record on bomb 

calorimeter: A. = A,U + рЛУ Since the bomb calorimeter process is a constant 

volume one, AV = 0 and hence AH = AU, Why i is this argument incorrect? 

32 Fora reaction involving only condensed phase, АН = АЙ. Explain why. 

33 It is often stated that the integral enthalpy of solution is identical to the differential 
enthalpy of solution for a very dilute solution. Explain why. 

34 While stating the AH value of a chemical reaction, it is understood that the temperature 
and pressure of the products are identical with those of reactants? Explain why. 

3.5 Show mathematically that the differential enthalpies of solution and dilution are 

' essentially the partial molar enthalpies of solute and solvent, in solution respectively. 
3.6 It is stated that the bond enthalpy and bond dissociation enthalpy of a diatomic 
~ molecule are identical. Explain why it should be so. 


3. 


— 


3.7 The expression of the adiabatic flame temperature is an approximate опе: 


p- pa СА? 
УС (products) 


State what assumptions were used in deriving the above expression. : 


3.8 Derive the expression of the adiabatic flame temperature if the reaction is carried out 
under constant volume condition. 


3.9 Suppose the dissolution of a solute in water is an exothermic process. Draw a typical 
diagram illustrating the variation of integral enthalpy of solution with the amount of 
the solute dissolved in a fixed quantity (say, 1 kg) of water. 


The differential enthalpy of solution (or dilution) at a given concentration may be 
regarded as the instantaneous rate of change of the integral enthalpy of solution 
{or dilution) with the solute (or solvent) concentration, i.e. 


AH, = dim АН). [eee 5(AH) 
ӧтә Om, ——— 5m,30 ôm, 
NUMERICAL PROBLEMS 
3.1 From the following data at 25 °C 
Reaction ДУНК] mol" 
3 Hy(g) +4 0,(ф) > OH(g) 42.09 
H,(g)+ + 0,(g) > H,0(g) -241.84 
H,(g) > 2H(g) 435.88 
0,(g) — 20(g) 495.04 


calculate A, H? for the following reactions. 


(6) H,O(g) => 2H(g) + O(g) 
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(c) H,O(g) > H(g) + OH(g) 
_ (Ans. 423.37, 925.24, 501.87 kJ mol”) 


32 The A, H? = – 41.84 kJ mol” for the neutralization reaction 
НСО; - $ OH (aq) = H,0(1) )+ cor (aq) 


Compute AH? for the reaction - 


. HCO; (aq) Н (ад) + COs (aq) | mE (Ans. 14.0 kJ mot) 
33 Calculate the enthalpy of formation of D0; from the following data: 
(0) 05) + H,O(1) — 2HIO.(aq) А.Н = 3.598 kJ mor! 


ш) Ki(aq) + ыа > aoe + 2HCl(aq) + KCl(aq) | 
AH =~ 32242 kl тог! 
(ii) NaOH(aq) + HClO(aq) ^ NaOCl(aq) + H,0(1) 
DE ops | A.H =- 4435 kJ mol! 
(iv) NOR) + ной — NaClag) + H,0(1) 
| A H=- 5132 KJ mol" 

(v) 2NaOH(aq) + Сів) > хаос) + NaCl(aq) + H,0(1) 
А.Н = – 99.79 kJ mol’ 


(vi) 2KI(aq) + СЫ) > 2KCl(aq) *L() А.Н = – 223.85 kJ mol! 
(vii) H(g + 10,66) эН,О(). А.Н = – 285.00 kJ mol” 
(viii) ,LH(g) + 1 г Clg) HCE) А.Н = — 92.30 К] mol! 

(ix) HCl(g) + nH,O > HCl(ag) А.Н =~ 1545 kJ mol 


| (Ans. — 98.90 kJ mol") 
34 From the enthalpy of formation at 25 °C 
Solution Н,80,.600 aq KOH.200 aq KHSO,.800 aq  K,80,:1000 aq 
- АНК mol”! — 888.47 -480.41 © -114767  . -1408.96 
calculate A, Н for the reactions: 
(1) H,SO, - 600 aq + КОН. 200 aq > KHSO, · 800 aq + H,O(1) 
(ii) KHSO, · 800 aq + КОН: 200 aq > SER 1000 aq + H,O(1) 


Given that 
; Не) + 10,8) > Н,0(1) А.Н = – 285.85 КІ molt 
\ (Ans. — 64.64 kJ mol’, – 66.73 KJ mol") 
3.5 On the basis of the following data, evaluate the standard enthalpy of formation of 
tungsten carbide WC(s). 
(i) W(s) + 4.0,(g) > WO,(s) l A Hogg = -837.47 KJ mol! 
(i) WC(s) + $ 0,(g) > WO(s)*CO(g) ^ Ак =! 195.79 kJ mol" 
(ш) C(graphite) + O,(g) ^ CO,(g) 5 A Hogg = -393.51 kJ mol 


(Ans. -35.19 kJ mol’) 


“бе, 


| mol!) 


mol! , 
J mol”) 


yation of 


kJ mol! 


kJ mol! 


kJ mol! 
J mol”) 


Я 


э 
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3.6 If the enthalpy of formation of HCl(g) and CI (aq) аге -92.30 kJ тої! and 167.44 
- kJ mot", find the enthalpy of solution of hydrogen chloride gas. 


Enthalpy of Solution 3.7 


3. 


3.9 


3.10 


3.11. 


(Ans. —15.14 kJ mol) 


At 25 *C, the enthalpy change for the reaction. 
9,50, + 59,0 2 H,SO, - SH;O {all liquids) 


is -58.032 kJ mol, Calculate the temperature change if 1 mol of Н,80, is dropped 
into 5 mol of H;O at 25 °C. Assume no heat joss to the surroundings and that the 
specific | heat capacity of the solution is 4.184 JK g`. (Ans. 73.7 °С) 
Given the following information: | 

d H,SO, +180591 H,80, - | H;O А.Н = -28.075 kJ mol! at 25 °C 

1H,$0,*25 Н,0 > 1 HjSO,-25 0 — AH - 72.300 kJ mol” at 25 °С 
Calculate the enthalpy change at 25 °С for the following dilution | 

1 Н,80, * 1 H,0 + 24 H,O > l Н,50, : 25 H,O 


Calculate the increase in temperature for this dilution if there is no heat loss to the © 


surroundings, Assuming the specific heat capacity of the more dilute solution to be 
41843 K! рт. (Ans. 44.225 kJ mol, 19.3 K rise) 


Using the bond enthalpy data given below, estimate the enthalpy of formation of 
acetic acid. 


Bond Bond enthalpies. ` Enthalpy of xm 
CH 413.38 kJ mo! С — 71839kJ mol! 
CC M169kI mol" H — 21794 Ы aor" 
C=C 728.02 kJ mol”! O 247.52 kJ mol” 
C—0 351.46 KJ mol” 

C—H | 462.55 kJ mol! — 


The observed AH? for acetic acid is — 438.15 kJ mol". Compute the resonance 
energy of acetic acid. (Ans. -326.40 kJ mot! -111.75 kJ тог!) 


The bond dissociation enthalpies of H,(g) and N,(g) are +435.95 kJ mol” and +941.8 
kJ mol and the enthalpy of formation of ЇН) is – 46.024 kJ mol !. 


(i) What is the enthalpy of atomization of NH,(g)? 
(1) What is the average bond enthalpy of N—H bond? 
(Ans. (i) 1.171 MJ mol !, 
(a) Value of A Азор for the reaction 
№Н 0) ^ №6) + Ру) 
is found to be 108.76 kJ mol. Assuming that the structure of NH, is HN = NH, 


calculate &_y. Given the following bond enthalpies: ё; y = 163.18 kJ mol, 
390.79 kJ mol ! and £j y = 435.89 kJ mol. 


(b) Given that A „Н(298 K) of ere МН, is 94.98 kJ mol", calculate A,H(298 К) 
of М,Н). 


(ii) 390.367 kJ mol") 


ён 7 


- (c) Calculate А„Н°(29% K) of N,H, and МН, from the bond enthalpy data and compare 


with those of part (b). Given: yay = 942.24 kJ mol, 


(d) Calculate А, вк for the reaction of part (a). Compute the required heat capacities 
by using principle of equipartition of energy. 


\ 


^g &. 
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(Ans. (а) 400.1 kJ mol (b) 203.76 kJ mol! 
(с) 87.864.kJ mol” and 196.65 kJ mol” 
(d) 108.38 kJ mol) 


(b) The enthalpy of atomization of РН; is +953.95 kJ mol and that of P,H, is +1 485 
MJ mol". What is the bond re of the P—P bond? 


(Ans. 213.38 kJ mol”) 
Kirchhoff s Relation 3.12 Calculate AH for ad of the following change of state: 
(а) Н,0(1, 1 bar, 300 К) — H,O(1, 1 bar, 350 K) 
(b) 3H,0(s, | bar, 263 К) — 3H,0(g, 1 bar, 500 K) 
(c) H,0(s, Г bar, 263 K) > Н,0(1, І bar, 263 К) 
Data for water, all at 1 bar pressure, are 
Ag, ff = 6.025 kJ mol! at 273K 
AvayH = 40.585 kJ mol! at 373 K 
‚ Cs) = 39.748 J K^! mor" 
C()27532J7K' molt .— . 
C (g) = 31.129 7 К"! mol! + (0.008 37 JK? mo) T 


(Ans. (a) 3.77 kJ mol, (b) 176.87 kJ mol", (с) 5.67 kJ mol”) 


3.13 The AH of vaporization of water at 0 °C, i.e. 
H,O(1, 4.58 mmHg, 273 К) — H,O(g, 4.58 mmHg, 273 K) 
is given by +44.877 kJ mol !. Make the generally acceptable assumptions that the AH 
for compression of a liquid (or solid) is approximately zero and that H,0() i is an 
ideal gas. Also assume that the heat capacity for liquid water C, = 75.31 J Kk mol” 
and that for gaseous water C, = 33.30 J K^ mot” are constant, Estimate Л, Н of 
vaporization at 1 bar and 100 e (Ans. AH? = 40.68 kJ mor! ) 
3.14 For the reaction 
CaO(s) + CO,(g ) = СаСО,($) 


17.154 x 10° 
ДН] mol = — 177 820 — 2.761 (TIK) 9.016 x 10° (TK. +122219. 

(TIK) 
determine, A,C, and A,Cy as functions of Т. 


. 3.15 From the value of C, m as a function of temperature given as 


a С, nly, JJ K' mol = 29.066 — 0.836 x 10° (T/K) 


С, «(Вг JJ К" mol! = 35.241 + 4.075 x 10°(T /K) 
x C, (НВг, g)/J K^ mol” = 27.521 + 3.995 x 107 (ТК) 
and from the date A-H(HBr, р) = -36.23 kJ тоГ and А... H(Br, 1) = 30.71 К] 
mol”, calculate A Hg for the reaction I H,(g) + 1 Br,(g) —^ HBr(g) 


(Ans. -51.823 kJ mol”) 
Relation between 3.16 The enthalpy changes of the following reactions at 25°C are 
ArH and A.U Мав) + £ СЫ — Мас); AH = - 411.0 0 mor" 


Adiaba 
Temper 


Miscell: 
Numeri: 


mol!) 


0.71 kJ 


J mol!) 
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Нр) + S(s) + 20е) > H,SO,(1); A,H=- 811.3 kJ mol! 
-2Na(s) + S(s) + 20,(g) 9 Na,SO,(s); AH =- 1 382.3 kJ mor! 


1 Н) +1 ; Clg) > НС); А.Н = – 923 kJ mol” 
Form these data, find the heat change of reaction at constant volume at 25 °C for the 
process 


2NaCl(s) + H,SO,(1) — Na,SO,s) + 2HCI(g) (Ans. A,U = 60.92 kJ mot") 
3.17 The combustion of 1 g of:benzene in a bomb calorimeter evolves 41.746 kJ of heat 
at 25 °C, 


: (1) What is AU? for combustion of benzene? 
i (ii) Calculate A,H°{benzene) if 
A,H*(CO,, . 87 = -393.129 kJ mol” and A,H°(H,0, 1) = -285.577 kJ тог. 
(Ans. (i) -3 256.2 kJ mol"; (ii) -44.4 kJ mol") 
Adiabatic Flame d 18 Estimate the maximum possible temperature of a bunsen burner flame. Assume that 


Temperature the gas is pure methane and that it is premixed with sufficient air to permit Ponce 
` combustion. Given that 
CH,(g) + 20,(g) > 2H,0(1) + CO,(g) A „Hygg = – 890.36 К] mol! 
Н,0(1) 2 H,O(g) A, Hog = 44.02 kJ mol ' 

Calculate C, m of H,O(g), CO,(g) and Ng) from the. equipartition principle 
(including vibrational contributions): (Ans. Т= 2000 К) 
What would be the final temperature if the methane is allowed to burn with the 
requisite amount of oxygen? (Ans. T= 4800 K) 


3.19 Suppose 2.0 mol of CH,(g) is mixed with 5.0 mol of O,(g) in an adiabatic enclosure 
at 298 K. A spark is produced in the mixture and the CH, is completely burnt in 
the oxygen to CO, and H,O. Assume ideal gas behaviour and compute the final 
temperature of the gas mixture. Given heat capacities data are 


Ojg СК mol! = 29.96 + 4.184 x 10° (TK) 
CO(g) C/I K! mol! = 44.23 + 8.786 x 107 (TIK) 
Н,0() C/I K’ mol! = 30.54 + 10.293 x 10° {Т/К) 
CH) — C, K' mol! = 23.64 + 47.865 x 10° (ТК) 


‚ Miscellaneous 3.20 Given the following data: 
? Numericals (i) Standard molar enthalpy of formation at 298 K and 1 bar pressure, are 
CH;OH(1) -277.65 kl mol! СО(р) -110.54 kJ mor! 
CO,(g) -393.51 kJ mol!  ZnO(s) -347.98 kJ mol! 
H,0(1) -285.85 kJ mol’ 
\ (ii) Molar changes of enthalpy on changes of state of aggregation: 


Evaporation of H,O at 373 K and 1 bar = 40.58 kJ mol” 

Melting of Zn at 692 K and 1 bar = 6.569 kJ mol” 

Evaporation of Zn at 1 180 K and 1 bar = 127.61 kJ mol". 
(iii) Molar heat capacity at constant pressure in J К^! mol”. 


Н,0(1) 75.312 

H,0(g) 30.070 + 0.009 92 (T /K) – 0.870 x 10° (ТК)? 
Zn(s) 25.104 

Zn(1) 33.472 

Zn(g) 20.92 
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Zo) — 4184 
Cog 2.196 + 0.004 18 (T/K) 
CO —— 33472 + 0.016 7 (ТК) 


(a) Calculate AH for the reaction at 298 K and 1 bar 
C,H,OH(1) + 30,(g). — 2C0,(g) + 3H,0(1) (Ans, -1.366 9 MJ mol") 


(6). AH? for the reaction 


сн) + È 048) – 60,8) + 38,001 


is 3.268 MJ mol”, Calculate Л.А? for liquid benzene. (Ans. 49.09 kJ mol!) 
(c) Calculate AI? of the reaction at 298 K and 1 bar 

‚ С›Н›Оң@) + Н,0(1) > 4C H;OH(1) + 4CO;(g) 
Given A,H? of the following reaction 

CHO) +.120,(g) ^ 12CO,(g) + 119,0(1); AH? = 5.646 7 MJ mol”! 


(Ans. -179:04 kJ mor!) 


(d) Calculate AH for water in the hypothetical state of H,O(g) at 298 K and | bar. 
| (Ans. -245.11 kJ mol !) 


| (e) Calculate A-H for each of the following changes at 298 K and 1 bar. 


.ZnO(s)t CO(g) > Zn(s) + CO,(g) — — (Ans. 65.02 kJ mol”) 
ZnO(s) + CO(g) > Zn(1) + СО(р). (Ans. 68.30 kJ mol!) 
ZnO(s)-* CO(g) > Zn(g) + CO,(g) (Ans. 206.94 kJ mol !) 

(f) Calculate A,H for the following reaction at 1 300 K and 1 bar 
ZnO(s) + CO(g) > Zn(g) + CO,(g) (Ans. 346.1 kJ mol”) 


The enthalpies of formation at 298 К of gaseous СО», water vapom: and liquid 
CH,COOH are - 393.3 kJ mol”!, – 241.84 kJ mol” and — 487.02 kJ mol”, respectively. 
The enthalpy of combustion of Шейше gas to CO, and water vapour is — 806.26 kJ 


‘mol! The enthaipy и vaporization of water at 100 °C is 39.33 kJ mol". Heat capacity 


values (C, ) in J K! mol are 


CH,(g) 37.656 H,O(g) 30.54 
CH,CHO(g) 523 Н,0(1) 75.31 
CO(g) 31.38 


(a) Calculate the enthalpy of formation of liquid water at 298 K. 
(b) Calculate the enthalpy change at 298 K for the reaction 
CH,COOH(1) ^ CH,(g) + CO,(g) 
(c) Calculate the temperature at which Д, Н for the reaction 
CH,CHO(g) > CH,(g) + CO(g) 
will be zero. A, Нову is -16.735 kJ mol! 
(Ans. (а) -284.51 kJ mol; (b) 165.76 kJ mol; (c) 299 K) 


3.22 Calculate the enthalpy change for the following reaction. 


He(1) + L(g) > Hgl(1); AH =? at 600 K, 1 bar 


Given the enthalpy change for the reaction 
Hg(1) +18) Hgb(; AH = 105.44 Ю mol ! at 298 K and 1 bar 


and following thermal data 


Ы | WR, 
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Не(1) | Cpm = 27.656 1K тог! | 
L(s) : C, = 40.125 7 К"! mol! + (49.79 x 10? JK? mol’) T 2 
o Aps H= 15.774 KJ mol at 386.8K —— + 
йй (1) г Cpm = 80.33 К тог; ApH = 41.714 kJ mol! at 456 K 
L(g) г С, = 37.196 K^ mol 
Hgh(o)  : С. = 77.404) K” mol — 
о — D transition; АН = 2.720 kJ mol at 403 К 
kJ mol”) НЕ): C, = 84.517 JK" тог", Aps H = 18.828 KJ mol at 523 K 
Я HeD  : C,4710467K' mol” 
| (Ans. — 138.07 kJ тог!) 
М] mol 
kJ mol") 
ind 1 bar. 
kJ mol!) | 
kj mol!) 
kJ mol!) 
kJ mol!) 
kJ mol!) 
ind liquid 
spectively. 
806.26 kJ 
at capacity 
N 
(c) 299 K) 
1 bar 
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First Law 


Criterion of 
Equilibrium for a 
Mechanical System 


Extension of Criterion 
to a Chemtical System 


Second Law of 
Thermodynamics 


4.1 NECESSITY OF THE SECOND LAW. 


Our primary interest in thermodynamics is to use it to establish a criterion for 
the feasibility of a given chemical or physical transformation under specified 


conditions. The first law of thermodynamics does not supply this information as 
it deals with only conservation of energy. This law has to be satisfied whether a 


reaction is spontaneous or otherwise. It cannot, however explain naturally occurring 
processes, for example, flow of heat from a warmer to a cooler body, expansion | 
of gases into vacuum, interdiffusion of two gases, freezing of supercooled water, 
reaction of a mixture of H, and Ез, reaction between H, and О», etc. 


The reverse of any one of the above processes, which will also be in accordance. 
with the first law, does not however, occur. It would be possible to predict the. 
nature of the process (natural or unnatural) if the system possessed one or more 
properties which always change in one direction when the system undergoes a. 
spontaneous change, in the opposite direction if it undergoes a nonspontaneous 
change. | 


Everyday experience is that whenever there exists a difference in certain properties 
such as pressure, temperature, electric potential or concentration, the spontaneous 
change is always that which eliminates the difference. If such a type of difference 
exists in two systems, and they are put together, the system as a whole is in the 
nonequilibrium state and it will move towards the equilibrium’state by removing the 
difference in the property, e.g., heat flows 1f temperature is not uniform, gas flows 
if pressure is not uniform, etc. When the property has attained a uniform value, it 
reaches the equilibrium state. The system will continue to be in this equilibrium 
state unless it disturbed by an external agent. 


Analogous to the mechanical system, in which the system tries to have the minimum 
potential energy, it was suggested that for a chemical reaction, we should have the 
minimization of heat content of the system. This means that a reaction in which 
heat is evolved must be spontaneous whereas a reaction in which heat 1s absorbed 
must be nonspontaneous, i.e. all exothermic reactions must be spontaneous while 
all endothermic reactions must be nonspontaneous. But there exist a few exceptions 
in which AU 1s positive but nevertheless the reaction proceeds spontaneously, such 
as the vaporization of water at low pressure. 


HyO(1, 1.0 kPa, 25 °C) > H,O(g, 1.0 kPa, 25°C); AU = 41.42 К] mot! 


еы 
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Hence A,U cannot be used as the criterion of spontaneity. Similarly, Л.Н cannot be 
used because there are many reactions that proceeds spontaneously with a positive 
A,.H. One example is the polymorphic ишш of low temperature quartz 
to high temperature quartz at 848 K. 


510;(low quartz) 3 SiO (high quartz) AH = 0.88 kJ mol! 


Thus, it is.seen that functions U and H derived from the first law of thermodynamics 
cannot predict the spontaneity of a chemical reaction. 


It is the second law of thermodynamics which identifies a new state function called 
the entropy (and the related functions) which provides a criterion for identifying 
this equilibrium state of a system. We will see later that the entropy of the universe 
(system + surroundings) increases for irreversible processes whereas itr remains 
constant for reversible processes. 


The function entropy was established from the- work of Carnot, who was 
interested in the factors which limit the efficiency of a steam engine (a device 
which converts heat into work). We will, for convenience, first discuss Carnot 
cycle and then introduce the second law of thermodynamics. Then it will be shown 
how the work of Carnot introduces a new state function, entropy 5, which can 
be used to predict the nature of a chemical reaction, whether it is spontaneous or 
nonspontaneous. 


42 CARNOT CYCLE 


Description of the 
Carnot Cycle 


Fig. 4.2.1 Carnot cycle 


Four Steps of a 
Carnot Cycle 


The Carnot cycle was named after Sadi Carnot, who was the first to describe this 
type of idealized reversible cycle. We consider the system to be any fluid, single- 
phase substance. The system is contained in a frictionless piston and cylinder 
arrangement. We also use two thermal reservoirs, one at higher temperature 6, and 
the other one at a lower temperature 6). The symbols Ө, and 6, are used to indicate 
temperatures without reference to any specific temperature scale. The system is 
subjected consecutively to the following reversible changes in state (Fig. 4.2.1). 


Step 1 The isothermal reversible expansion from volume V, to volume V, at the 
higher temperature Ө, 


л 
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Efficiency of a 
Carnot Cycle 


Let w be the work involved in this step. The numerical value of this work will be 
negative-and the magnitude of this work will be represented by the area under the 
curve ab. (Actually here the work, equal to | w, |, is done by the system.) Moreover, 
a quantity of heat q,-will be absorbed by the system from the thermal reservoir. 


Step 2 The adiabatic reversible expansion from volume V» to volume V, 


In this step the temperature of the system decreases to 0}. Let w be the work 
involved in this step. The numerical value of this work will be negative and the 
magnitude of this work will be represented by the area under the curve bc. (Actually 
speaking, the work equal | w | is done by the system.) The heat absorbed by the 
system is zeró as the expansion takes place under adiabatic conditions. 


Step3 7 he. isothermal reversible compression from volume V4 to volume Үд at 


the temperature 0, 


In this step, an amount of work w;, represented by the area under the curve cd, will ` 


be done on the system; the numerical value of this work will be positive. Also a 
quantity of heat q,, which is negative numerically, is involved in this process. The 
negative sign means that heat q, will be released by the system to the thermal 
reservoir at the temperature 0}. 


Step 4 Adiabatic reversible compression from volume V, to volume V, 


In this step, the temperature changes back to Ө. The amount of work done on the . 
system is w’, represented by the area under the curve da. There is no heat absorbed 


by the system in this step as the compression process is adiabatic. 
In the cyclic process described above, the total work involved is ^ _· 


Моа 7 mtwtw tw 


The magnitude of the total work is represented by the area within the closed 
cycle shown in Fig. 4.2.1.. 


Since the system has come back to its original state, therefore, AU = 0. 
According to the first law of thermodynamics 


(— Weotal) = total (4.2.1) 
Where giota = d? * di 


= ГА 
and — мы = Wy twtw, tw 


The efficiency of the cycle is defined as the ratio of the work done by the system 
to the amount of heat transferred to the system at the higher temperature. Thus, 
efficiency 


(Mort) _ d? +4 Е 
‚@; 2 үр, 


n= (4.2.2) 


"Note: q and w carry the same subscript as that of temperature. The subscript 2 and 1 
represent higher and lower temperatures, respectively. 


| 
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4.3 EXPRESSION FOR THE EFFICIENCY OF A CARNOT CYCLE INVOLVING IDEAL GAS 
AS A WORKING SUBSTANCE 


Let the system have one mole of an ideal gas and let the temperatures of the two 
reservoirs expressed in kelvin be T, and T}, respectively, such that Т, > Ту. We 
proceed as follows to determine the efficiency of the Carnot cycle. 


Step 1 Isothermal expansion at temperature T, Jom volume V, to V» 
Since AT = 0, therefore 


AU 1 = 0 
According to the first law of thermodynamics, we have 


| V. 
j 82 = ш, = RT, In A (4.3.1) 
; 1 | 


Step 2 Adiabatic expansion from volume V» to V3 


Temperature of the system after expansion is T. Since for adiabatic process q = 0, 
therefore, it follows that 


Т 
w= AUy = |, ӨК ы ш (432) 


Step 3 Isothermal compression at temperature Т, from volume V3 to V, 
Here, we will have 


SV, 
and = q, =-w, = RT, In a (4.3.3) 
3 


(Note that q; has negative sign whereas и has positive sign since V4 < V.) 


Step 4 Adiabatic compression form volume V, to V;. Temperature of the system 
returns to Т. Therefore 


; T 
j w’= AU, = E Ое) (4.3.4) 


Net work involved in the cyclic process is 
Woa 7 W) Tw tw) tw 


x The quantities w and w’ cancel each other, being equal but opposite in sign for 
the ideal gas. Thus, the above expression reduces to 


Wig] = W + Wy 
which according to Eqs (4.3.1) and (4.3.3) becomes 


ү, 
Wig =- RT; In “2 RT In 


1 3 


(4.3.5) 


The ratios V,/V, and V, / V, are not independent of each other. The КЫН 
between them can be found through Steps 2 and 4. 


\ 
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For step2 _ 
C 
ааг: ET | (Eq. 2.11.6) 
n Т Vy 
and for the Step 4 
LC 
[а= - Rint 
n T 4 


The integrals on the left hand side of these “реч are equal in magnitude but 
opposite in sign. Therefore 


Rin тыр 

ү, Vy 
ог СЕ i.e. саз 
и AA 


With this relation, the expression for the total work involved in the cyclic process 
becomes 


V. 
Моа ~~ [ In " (T5 - T) 
| 4 
and the efficiency is given by 


_ (иы) E (RIn(,/W)) (5 - 1) _ 5-0 


43. 
@› АТ, In (f - V) 7, PN 


Thus, the efficiency of a heat engine operating in a Carnot cycle depends only on the 
two temperatures and primarily, on the difference of the two temperatures between 
which the engine operates. The greater the difference, the greater the efficiency. 


Two special cases of interest are: 


(i) 17, equals T», then no work is done in the cycle. It is because of the fact 
that the work done by the system during reversible expansion at temperature T is 
equal to the work done on the system during reversible compression, and thus, 
the net work done by the cycle is zero. In other words, there cannot be any net 
conversion of heat into work in an isothermal cycle alone. 


(ii) Т, must be zero or T, must be infinity in order to obtain efficiency equal 
to one. However, this is not possible since neither of these two situations are 
physically realizable. Thus the efficiency 1s always less than one. Only a fraction 
of heat absorbed at a higher temperature can be converted into work. 


4.4 TWO STATEMENTS OF SECOND LAW OF THERMODYNAMICS 


Kelvin-Planck 
Statement 


Having investigated the cyclic operation of a heat engine, we can now state two 


forms of the second law which can be easily understood from the efficiency of 


the Carnot cycle. 


We have seen that the work done by a heat engine, operating in a cycle is zero 
when the.two temperatures are the same. We can then state: 


i 


Den 
Mot 
` Kin 


Clar 


4.5 


Work 
Cycle 
Direc: 


6) 


but | 


zess 


Zero 


Denial of Perpetual 
Motion of Second 


Kind. 


Clausius Statement 
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It is impossible for a system operating in a cycle and connected to a single 
heat reservoir to produce a positive amount of work in the surroundings. 


The Kelvin-Planck statement of the second law is the denial of what is known as 
a perpetual motion machine of the second kind. As an example, it is impossible 
to operate a heat engine solely by the removal of heat from a thermal reservoir 
such as an ocean or a river. The first law may be thought of as the denial of a 
perpetual motion machine of the first kind, which 1s a heat engine that performs 
work without absorption of an equivalent quantity of heat. 


The second law states that a heat engine, operating in cycles can perform work 
only by absorbing heat from a reservoir at a higher temperature and by rejecting 
the difference between the heat absorbed and the work done by the engine to 
another thermal reservoir at a lower temperature. This is the second statement of 
the second law of thermodynamics as given by Clausius. It can be stated as follows. 


It is impossible for a cyclic process to convert heat into work without the 
simultaneous transfer of heat from a body at a higher temperature to one at a 
lower temperature or vice versa, i.e. it is impossible for a cyclic process to transfer 
heat from a body at a lower temperature to one at higher temperature without the 
simultaneous conversion of work into heat. | 


Alternatively, it is impossible for an engine operating in a cycle to have as its 
only effect the transfer of a quantity of heat from a reservoir at a lower temperature 
to a reservoir at a higher temperature. 


4.5 EFFICIENCY OF THE CARNOT CYCLE IS INDEPENDENT OF THE WORKING 


SUBSTANCE 


Working of a Carnot 
Cycle in the Reverse 


‘Direction 


One might suppose that the expression (T, — Т,)/Т, for the efficiency of a Carnot 
cycle is applicable only when the working substance is an ideal gas. This is however 
not so, and the expression is applicable for any type of reversible cyclic process 
carried out between two temperatures 7, and 7^. In other words, the efficiency of 
a Carnot cycle is independent of the make-up of the engine and also that of the 
working substance of the engine. This can be proved as follows. 


First, let us note that the Carnot cycle can be operated equally will in the reverse 
direction, with the following steps: 


Step 1 Adiabatic expansion from volume Vi to V4. HOS of the system 
will change from T, to T}. 


Step 2 Isothermal expansion at temperature T, from volume У, to 3. 
Step 3 Adiabatic compression from volume V; to V}. Temperature rises to T). 
Step 4 Isothermal compression at T, from volume J^ to Vj. 


As a result of this reversed cycle, the amount q; of heat will be absorbed by 
the system at the lower temperature Тү in Step 2 and an amount q; of heat will be 


\ 


Construction of a 
Composite Cycle 


Independent of 


Working Substance | 


Fig. 4.5.1 Coupled system 
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transferred to the reservoir at higher temperature T, in Step 4. At the same time a 


net amount of work equal to M + w; will be done on the system (w; will have a 


positive value in Step 4 and wj. will have a negative value in Step 2). In carrying 
out this cycle, the system acts as a refrigerator. By the expenditure of work which 
is supplied by the surroundings since w, >| w7|,a certain amount of heat is pumped 
out from a lower temperature to a higher one. 


Let us have two systems, containing two different substances. We imagine that 
these systems are coupled together in such a way that the work produced in system I 
is done on system II. In other words, system I acts as an engine and system II 
acts as а refrigerator. The net work w(I) + w(II) involved in the coupled system is 
zero. We assume that both systems carry out Carnot cycles between the same two 
temperatures T» and T. This coupléd system is shown in Fig. 4.5.1. 


w(II) 


Proof of Efficiency is Let us assume that the cyclic process for system I has a higher efliciency than 


E of system II, i.e. 


Ї The coefficient of performance of a refrigerator is defined as the ratio of heat transferred 
from a lower temperature to a higher temperature to the work done on the machine to cause 
this removal, i.e. 


lad 
w 


= 


The less the work done, the more efficient the operation, and greater the coefficient of 
performance. Since w,, > Wey , the coefficient of performance of an irreversible. machine is 
less than that of the reversible machine. Since the heat transferred to hot reservoir is sum of 


| q, | and w, we will have 


ТӨНЕ НИ Б 
141-141 D 71 
Note as T, > 0 K, 1] — 0. Since 1 = | д, the work done to bring about the transfer of 
heat from cold reservoir to hot reservoir approaches infinity. It follows that as the temperature 
of a system is lowered the amount of work required to lower the temperature further increases 
rapidly, and approaches infinity as the zero kelvin is attained. This fact illustrates that zero 
kelvin is unattainable. 


Exan 


Solut: 
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Example 4.5.1 


Solution 
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|wD|. w(t 
920) |4;@ 
Since |и#(Т)| = w(II), therefore, 


п) > n) ог 


4›@) < | 4309 | | (4.5.1) 
that is, the heat absorbed by the system (T) from the reservoir at the higher 
temperature 7, is smaller than the heat released by the-system (IT) to this reservoir. 
Therefore, there is a net transfer of heat by the coupled system to this reservoir, 
i.e. the reservoir at the higher temperature gains heat energy. 

Now w(I) and w(II) are given by 


[wD] = 4;@ + 44@ 
w(ID = |4100) + 4201) 
Since |w(I) | = (1), we have 


#00 + 4100) = 14100 + 9201) | - (4.5.2) 


But q,(I) < |q5 (ID), therefore, in order to satisfy the above equality, we.must 
have | 


\4,@]< 41@) (453) 


that is, the heat released by the system (I) to the reservoir at temperature Т, is 
smaller than the heat absorbed by the system (II) and, therefore, there is a net 
absorption of heat by the coupled system from this reservoir, i.e. the reservoir at 
the lower temperature loses heat energy. 

Thus, the overall effect of the coupled system would be to transfer some heat 
from a lower to a higher temperature without any work being converted into heat. 
Such a process will not be permitted according to the second law. Therefore, our 


assumption that system (Т) has a higher efficiency than system (II) must be invalid. 


On a similar line, it can be demonstrated that the assumption that system (I) having 
a lower efficiency than system (II) contradicts the second law. Thus, we may 
conclude that the efficiency of a Carnot cycle must be independent of the working 
substance. 

Hence the efficiency, (7, – T,)/T>, which was derived earlier by taking an 
ideal gas as the working substance, is applicable to a reversible cyclic process 
involving any substance. 


А certain engine which operates in a Carnot cycle absorbs 3.347 kJ at 400 °С how much 
work is done on the engine per cycle and how much heat is evolved at 100 °С in each cycle? 


The efficiency of the Carnot cycle is given by 


1 pol 
L-À 4*4 q = 50 ре 
| 


Т, 0) 
Т, Т, 
This cem Ф and hence q= (2 | 
D % Т, 


Thus, the heat evolved in the present case is 


Example 4.5.2 
Solution — 


Problem 4.5.1 


Solution 


ay 
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373.15K) 44 
-|—— 0 (3.347 kJ) =—1.855 kJ 
m 15 9 Ce 
and the work ‘oi on the engine is | 
W =- (9 +4) = 3:497 KJ + 1. 855 kJ =-1, 492 kJ 


(Note: The negative sign indicates that the work is actually done by the engine.) 


What percentage T, is of Т, for a 10 per cent efficiency of a heat engine? 


Equating the efficiency equal to 0.1, we have 


ART) og, 
Do Loc 


Therefore F x 100 = (1 — 0.1) x 100 = 0.9 x 100 = 90 
2 
or Т, = 90 per cent of Т, 


Show that the expression for the efficiency of a Carnot cycle involving a van der Waals gas 
as the working substance is the same as that involving an ideal gas. 

The expressions of w and q involving in each of the four reversible steps of a Carnot cycle . 
are described below. | 


(i) Isothermal expansion form V, to V. at Т, 


ss nRT, n eam -na it) (Eq. 2.13.2) 
7 -nb 5 W 

-nb 

q = nRT, in я (Eq. 2.13.5) 
-nb 

(ii) Adiabatic expansion P V, to V, Temperature changes from Т, to Tj. | 
w=nCy p(T,- D) ~ ifa |L- + (Eq. 2.13.2) 
| 5n Vy 


q-0 


(iii) Isothermal compression from V4 to V, at Т, 


R 
4 = п LE db 


(iv) Adiabatic compression ки V, to V, Temperature changes from T, to T». 


s gas 


>ycle 


13.2) 


13.5) 


13.2) 
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The total work involved is given by 
Wii] = W) tw tw, + w" 


nb T Pa 


Р, s 
=~ ART, = (4.54) 


The expression connecting vatious volumes is provided by Eq. (2.14.5), i.e. 
TV, m/ È (V - nb) = constant 
` This relation is applicable for an adiabatic reversible expansion or compression. Hence 


For step (i) (T. m^ (V, —nb) = (T). m 8 (V, — np) 


For step (v) (T.m! R (y, = np) = (r£ m! P (y, - nb) 
Dividing the two, we get 


-nb V; -nb 
-nb V,-nb 
In view of the above expression, (4.5.4) becomes 
i 
Wig 7 - OR In y- a - Т) (4.5.5) 
The efficiency of the Carnot cycle is given by 
T (ъа) 
#2 
Substituting the expressions ОЁ уа and 4), we get 
T, - T, 
n= E 
2 


which is the same as that of an ideal gas. 


4.6 COMPARISON OF EFFICIENCIES OF REVERSIBLE AND IRREVERSIBLE 
CYCLIC PROCESSES 


The efficiency of a reversible Carnot cycle is the theoretically possible maximum 
value which an engine can have. Since the various processes of this type of engine 
are to be carried out reversibly, therefore, such type of an engine does not have 
any realistic basis because reversible processes are idealized concepts which can 
never be realized. A real heat engine, which is irreversible in nature, will have 
efficiency smaller than the reversible heat engine. This can be proved as follows. 

Let us have two cycles, one operating reversibly and the other irreversibly. Let 
both of them operate between the same two temperatures T, and T, and involve 
ideal gas as the working substance. These two cycles along with q values, are 
shown in Fig. 4.6.1. 


Step 1 Isothermal expansion form volume V, to V, The expressions for the work 
involved are | 


y. 
— w,(rev) = q»(rev) = АТ, In Л 
l 


and — -wy(ir) = qalir) = Pea- V) 


et er зке pra 


15 47 
| ЕЕ) 
| 
| w(rev) w(irr) 
| | Fig. 4.6.1 Reversible and 
| | imevesibecydes = £#&;#& / ,?7 0 
li | Since we known that | w.(rev) | > | w(irr) |, therefore 
a gy(tev) > qx) (4.6.1) 
| | | | Step 3 Isothermal compression from volume V, to V, The expressions for the 
| k . work involved are 
2 $ Д 
НЕ — w (rev) = 9 (rev) = RT, In y 
E 3 
il : - wy (itt) = qr) = рь, (Pa — Vs) 
/ 2 Now since in the irreversible process, more work is done as compared to that in 
| i the reversible process, we have 
| | w, (itr) > w,(rev 
| | BEES Fig. 4 
i It follows that worki 
| | is TM temp 
lqy(irr) | > |{ү(теу)| ie. |gy(rev) | < lai) (4.6.2) 
j Now the efficiencies of the two cycles are 
_ ду(теу) + q (rev) (теу) – | #(теү)| , _ [q (rev)| 
(куу == Se a. 
! (теу) gre) "m 
\ T. dm tam) qüm-[qüm)] , бт) 
{фес зе =1- 


qm) . Фот) qir) 


Now since q,(rev) > q(irr) and |9 (теу)[ < |q,(irr)|, therefore, it follows that 


lae] aG] h-a, [ ne 


q (rev) (іт) (теу) І 


g, (irr) 


Le. n(rev) > n(irr) | (4.6.3) 


it in 


6.2) 


4.6.3) 
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4.7 THE THERMODYNAMIC OR KELVIN TEMPERATURE SCALE 


Fig. 4.7.1 Carnot cycles 


working between two 
temperatures 


The efficiency of a reversible Carnot cycle is given by 


ELTE 
0) qd? 
and is independent of the working substance in the cycle. With this fact, Kelvin 


showed that it is possible to introduce a thermodynamics temperature scale which 
will be independent of the material used for the thermometric substance. 


(4.7.1) 


Consider the three Camot cycles abc d, a e f d and eb c f, each working 
between the same two temperatures (6, and 6j, such as shown in Fig. 4.7.1. The 
efficiencies of all these cycles will be equal. Thus 


HEE = 
| З q; q ду : 


mt 


where (91/93), (91/95) and (q1 /q3 ) are the ratios of heats involved in the isothermal 
processes of the Carnot cycles a b c d, a e f d and e b c f, respectively. These ratios 
will be equal to one another provided the ratio 41/93 is, in general, a function of 
the two temperatures 6, and 6, ie. — 


4i 
“tl = flO, 6; | oe) 
3 
(Note that only the magnitude of q; is taken since we desire to make all temperatures 
positive.) 


Now consider three cycles gic d, a b i g and a b c d working between different 
temperatures Ө, and 6,, 6; and Ө, and Ө, and 6j, respectively. We find that 


Tq carries the same subscript as that of T. 


rQ [6 
5 ко — 


D 
t3 
Se 
Ner” 

T me 

= 

E 
Ne 


q 
4.7.4 
" (4.7.4) 
and lal. f(0,0,) (ш) 
93 
Dividing (iii) by (1i), we get 
L /(0, 8; 
lala _ lal ЛӨ ae 8,6) | (4.75) 


1921/43 ЕЛ 0,6) 


In other words, оп dividing the ratio of two functions f(0,, 03) and f(65, 6), we e get 

a function f(9,, Ө) which is independent of temperature 0,. This can be possible · 
if the function f(8; 0;) may be written as the ratio of two functions, each of which 

is dependent on only one temperature. Thus we may write 


Ko, 6) = #0 
0(0,) 
l дө, в) = 280 
g 0\8) 
| amd — f(8,0)- 0 476) 
i | With these relations, Eq. (4.7.5) may be verified as follows. 
І lal lala _ 7(8,6) " $(6)/0(6;) Ж 000) = f(8,0,) 
1 ll lel/a /(@Ь6) 9(6)/0(0) 00) 
4 The relation 
| ; А 
lal #8) (4.7.7) 
| 141 @(0,) 
F can be used to define a new temperature scale known as thermodynamic or Kelvin 
temperature scale. 
\ 2d | us 
The quantities q} and q} can be measured experimentally. The definition of the 
function $(0) and of the required number of fixed points suffice to determine 
the scale. The simplest definition, and the one actually used, is to make @(6) 
proportional to 0 so that Eq. (4.7.7) becomes 
| In| 6, 
i Equation (4.7.8) relates the two unknown quantities 0, and 6,. If q, is determined 
c at the triple point of water and assign 6, to be 273.16 K, then the thermodynamic 
i MEE | scale is completely defined, such that 
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4.7.5) 
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 d273.16K 


eui | 2. - | (4.7.9) 


Thus, the temperature 6, can be determined from the heat that is. exchanged at 
| this temperature. : 
4.8 IDENTITY OF THERMODYNAMIC SCALE WITH IDEAL GAS TEMPERATURE SCALE 


We have seen that the efficiency ofa Carnot cycle involving an ideal gas is given by 


h-h , Д 
| sepe (4.8.1)* 
| b hb 
and, in general, efficiency of a cycle is given by 
| E 
„аза 14 (482)* 
0) qd | | 
Since efficiency of the cycle is independent of the wording substance, we must have 
T | 
lal = l | (4.8.3) 
ф Т, { 


Comparing this with Eq. (4.7.8), we get 

л 

0, Т, 

that is, the ratio of the two temperatures is the same on either scale. If 0, and T, are 


given a common value of 273.16 K at the triple point of water, the two temperature 
scales become identical. 


4.9 DEFINITION OF THE ENTROPY FUNCTION 


Basic Conclusion For a reversible Carnot cycle operating between two иреше T, and Тү, the 
from Efficiency of efficiency is given as 


a Carnot Cycle 
d 4*8 Hah 
Ф Т, 
where q» and q, are the heats exchanged with the thermal reservoirs at temperatures 
N T, and Ti, respectively. Rewriting the above expression, we have 

т 1+4] 1 or 2L d 

qd 2 Ф D 
o 244 =ọ (4.9.1) 

Dh Д 


*The subscripts | and 2 represent lower and higher temperatures, respectively. 
** q carries the subscript of T at which it is being exchanged. 
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that is, the sum of the ratios of the heat involved and the corresponding temperature 
is zero for a Carnot cycle. 
Replacement ofa Now let us see what happens when a Carnot cycle operating betweer two 


Bigger Carnot Cycle temperatures T; and T, is replaced by a series of smaller Carnot cycles involving 
heat exchanges with a number of the heat reservoirs with temperatures between 


by Smaller Carnot 
Cycles T, and Тү. Figure 4.9.1 shows a case where a large Carnot cycle is replaced. by 
four smaller Carnot cycles. 
p 
| | з Fig. 4.9.1 Replacement | 

| í à of a Carnot cycle with 

ERE four smaller cycles 

1 | | Since the magnitude of the work involved in a reversible cyclic process is equal 

Hr to the area enclosed by its graph in the p-V plane, it is follows from Fig. 4.9.1 that 

it і | the sum of the areas of four smaller Carnot cycles is equal to the area of the single 

Mi large Carnot cycle. In addition, it may be seen that when all the four small Carnot 

Hi | cycles are completed, each interior line is traversed twice, once in each direction, 

i { | This means that the thermal reservoir at intermediate temperature absorbs and — f R 

f | gives up the same amount of heat. Moreover, the total amount of heat absorbed — ] С. 

i! from the reservoir at T; and given up to the reservoir at T, are the same as forthe. | In 

| ; | | large Carnot cycle. Thus, we have | С: 

i | | í 93(1) = = d3(4) (4.92)! = 4 

HE 93(2) = — 93(3) (493) 

LR q2 = qa) * 40) oe) 

T | д = 419) + 0) | (4.9.5) 

| f | N For each of the four cycles, we can write expressions similar to that given by 

i ri Eq. (4.9.1), Le., 

H аша. 2G t 

T IE Dh 1h Т, T; 1 ; 

I: | Fis 

{ Ba AG) #34) 914) | 9 
———.-———2z(; д) d аг 
E RD. ME: | |l o 


"The number within the brackets represents the cycle number. 
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Adding these, we get 
hy , BO , 22) 930) BH , fy BO | MH = {) 
hhh Bh 1 1 Bh m 


which, in view of Eqs (4.9.2) and (4.9.3), becomes 


no 422) | i) | 0) =0 
D nh n 1 


Making use of Eqs (4.9.4) and (4.9.5), the above expression becomes 


кор (4.9.6) 
Lo . 

which is an expression identical with Eq. (4.9.1). This means that the sum of 
efficiencies of the four Carnot cycles is equal to the efficiency of the large Carnot 
cycle. Thus, it may be concluded that a large Carnot cycle operating between 
temperatures T, and Тү can be replaced by four small Carnot cycles (or in general, 
with any number of small Carnot cycles) involving heat exchanges with a number 
of reservoirs with temperatures between T, and T,. The general form of Eq. (4.9.6), 
which is applicable to the heat transfers with any number of heat reservoirs, is 


ee 
, D ы (4.9.7 


where q; is the heat transferred with the reservoir i at temperature T;. The summation 
over i is to be carried over all thermal reservoirs. 


In a similar way, it may be proved that any reversible cycle (need not be 


Carnot cycle) can be approximated by a sum of Carnot cycles, the smaller the 


Carnot cycles and larger the number of intermediate temperatures, the better the 
approximation (Fig. 4.9.2). 


In the limit when п, the number of cycles, approaches a very large value, the 
heat transferred at each step in each cycle becomes infinitesimally small, and 
can be written as dq (rev); the symbol ‘rev’ represents that the heat is transferred 
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reversibly. When n becomes very large, the summation in Eq. (4.9.7) can be replaced 


| [ | by the cyclic integration, i.e. 
Н dg; (rev 
| фа) 26 | (4.9.8) 
| T 
The above expression can be written as | 
ф4 i =0 | (4.9.9) 


Identification of Since we know that if $ dZ = 0, then dZ is.an exact differential and Z is a state 
Entropy Function | 


function. Similarly, we can conclude that q(rev)/T represents a state function because 


| | the value of its differential d(q(rev)/T) over a cyclic process is zero. This state function 
1 | is given the name entropy of the system and is represented by the symbol 5. Thus 
TE ds = 4 emp | (4.9.10) 
ү? Т 

P^ rev | 

P ad s- 4790 (4.9.11) 


| The entropy function is a function of the independent variables which are used to 
| 1 define the state of a system. It is an extensive function. The change in the value of 
a the entropy function in going from one state to another, is independent of the path, 
| and the cyclic integral of dS for a cyclic change of state is always zero. This function 
| | is defined, like the energy function, in terms of a differential, and consequently the 
PC absolute value of the entropy function for a system in any state may not be exactly 
known (see Section 4.21 for the third law entropy). It is well to emphasize that 
whatever might be the path employed in going form one state to another, the 
determination of the corresponding entropy change is always calculated ii a 
reversible path connecting the two states. 


А Ge 


фа 
$ dq 


| The unit of entropy function is energy unit divided by temperature unit, e.g., 
; JK cal K. A unit of 1 cal K! (non-SI) is known as an entropy unit and is 
represented by the symbol eu. 


; 4.10 THE VALUE OF dq (irr)/T FOR AN IRREVERSIBLE CYCLIC PROCESS 


If there is any irreversibility at any stage of a cycle, the net work obtained [э] in 
the cycle is less then the maximum work obtainable from the reversible cycle 
operating between the same two temperatures. Consequently, the efficiency of an 
irreversible cycle is always less than the efficiency of the corresponding reversible 
cycle. It follows that 

| w 


| net | | eb 1-1 
Ф 2, 
Ф + h-i 


or | 
4 . Т, 


Мы, 


рей 10 


cycle | 


of an 
rsible 


‚ AGeneral Proof for 
i ф dq(rev)/T = 0 and 


ф dq(irr/T <0 
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or ОРЕ 

qa Т, 

qd), | | | 
or 207 <0 4.10.1 


In the limiting case of infinitesimal heat transfer, this inequality becomes 
$4 «0 x (4.10.2) 


The fact that the sum of q,/T, and q,/T, is zero for a reversible Carnot cycle 
and is negative for a cycle involving irreversible isothermal expansion or/and 
irreversible isothermal compression. may be rationalized as follows. 

Since, in the isothermal reversible process of a Carnot cycle, the heat transferred 
is directly proportional to the temperature of the reservoir (Eq. 4.8.3), we have 
q)/T; = eonstant and q,/T, = — constant (since q; is negative). It follows that the 
sum of 4/7, and q,/T, is zero. 

In an irreversible cycle operating between the same two temperatures T, and 
T^, we have | 


(1) qx (irr) < q»(rev) and hence q»(irr)/T, will be less positive as compared to 
the value of g,(rev)/T. 

(ш) q (irr) < 4 (теу) or 4. > | Grey] and hence фү(їт)/ T | Will be more negative 
as compared to the value of q,(rev)/T|. | 


Thus, in a cycle involving either of these two irreversible steps or involving 
both of these steps, the sum 


qm) (іш) 
T) П 
will always be negative, because @ү(їгт)/ Ту is negative and its magnitude is greater 
than g,(irr)/T5. 


We have seen that for a Carnot cycle 


_ dg(rev) _ 
w=§dg ad ф A (4.10.3) 
Now consider any other cycle, howsoever complicated (containing any number 
of temperature reservoirs and any working substance). For this engine, according 
to the first law, we have 


-w = édq' | (4.10.4) 
and let for this engine 
(4. > 0 (4.10.5) 
Т 


The two engines are coupled together to make a composite cyclic engine, represented — 
by the symbol ‘cyc’. The work involved in the composite cyclic engine is 


= / 
Исус W FW 
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which, by Eqs (4.10.3) and (4.10.4), are equal to 
7 Weye 7 $dq + $47 * $dq(cyc) (4.10.6) 
If Eqs (4.10.3) and (4.10.5) are added, we get 


| d dq’ 
| Ж, “| id 
1i T T 
| da(cyc) 
n or ——— > () | 4.10.7) 
1 | Т | os 
i 1 If it is adjusted that the composite cyclic engine does not produce any work, then 
if Woyo = 0. With this condition, Eq. (4.10.6) becomes 
| фад(сус) -0 — — (108) - 
| | - Since each of, the cyclic integral can be considered as a sum of terms, we may 
| write Eqs (4.10.8) and (4.10.7) as 
il ШАЛЫ. | (4109) 
li d pip. quss | (4.10.10) 
i Тт 
| | | The expression on the left hand side of Eq. (4.10.9) includes a number of terms, : | 
| | А some positive and some negative. The positive ones just balance the negative ones 1 
ГА and the sum is zero. | 
| | : In Eq. (4.10.10) the net sum can be positive only if the positive terms are divided 
| n by small numbers and negative terms are divided by large numbers. This amounts 
| 1 to the fact that we are associating positive values of q with low temperature and 
li negative values with high temperatures, i.e. we are extracting heat from reservoirs 
|| at low temperatures and rejecting heat to reservoirs at higher temperatures 
JE without spending any thing. This is against the second law of thermodynamics. | 
| | Thus, our approximation that { 
T 1. 
| : must be wrong. It follows that for any engine, we must have 
| T 


Now we will show that for a reversible cycle | dq’ IT = 0 whereas [а IT<0 
for an irreversible cycle. 


Case Reversible cycle Let us assume for this cycle 
ja 
ET 


We can reverse this engine, which changes all the signs but not the magnitudes 
of the qs. Thus, we have 


—À————————————————— —À 


1.6) 


<0 


udes 
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fa >0 
Т 


which obviously is wrong as deduced earlier. This leads to the conclusion that for 
any system 


Ta -0 
L 


for all reversible cycles. 


Case П Irreversible cycle Since the heat and work associated with an 
irreversible cycle are different from those associated with the reversible cycles, 
therefore, the only possibility left is 


ra 


for all irreversible cycles. 


4.11 THE CLAUSIUS INEQUALITY 


А Characteristic of 
Entropy Function 


| Entropy Changes in 


a Reversible Process 


Expression of 


„Clausius Inequality 


Since $ is a state function, it follows that fas = 0. If the cyclic process inyolves 


going from A to B and then coming back to A, then 


B À 
pds = Jas + fas =0 
À B 
B А 
o fas=- fas (4.11.1) 
А В 


that is, the entropy change in going В to A 15 equal but of opposite sign to that in 
going from A to B, for only then the addition of these two will be zero. 


If we assume that the surroundings always transfer heat reversibly, then the entropy 
change in any process carried out reversibly will be the negative of the entropy 
change of the surroundings, i.e. 


AS(system) = – AS(surroundings) 
or AS(total) = AS(system) + AS(surroundings) = 0 (4.11.2) 


Thus, the sum of entropy changes for the system and of the surroundings will 
always be zero. Hence, it may be concluded that in reversible processes entropy is 
merely transferred between the system and surroundings and that the total entropy 
change is zero. 


Now let us consider what happens when the process À — B is irreversible. No 
matter what the nature of this process might be, we can assume that the reverse 
process B — A is carried out reversibly. Then we have the following cycle. 


\ 


Clausius Inequality 
Applied to an Isolated 
System 
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A 


= 8 
| irreversible 


reversible 


Now fa =| {ach Г 
А 


Making use of Eq. (4.11.1), we have 


dgfirr) айл) _'f dg(rev) 
a ae | Т | Т 


Now, according to Eq. (4.10.2), we have 
фа) Z 
Т 


. Thus, it follows that 


N 


Ёз B 
дат) | r dg(rev 
т [т 


А 


Using Eq. (4.9.11), this becomes 


(Фп) ог, 
m 


T 


йы 

or [сш <ASan (4.11.3) 
m 

where AS,g is the change of entropy of the system in going from A to B. 


The expression of Eq. (4.11.3) is known as Clausius inequality which is a 
fundamental requirement for a real transformation. The inequality of Eq. (4.11.3) 
enables us to decide whether or not, some proposed transformation will occur in 
nature. We will not use this expression as such, but will manipulate it to express 
the inequality in terms of properties of the state of a system rather than in terms 
of path property such as dq(irr). 


For any change in an isolated system. 


dg(urr) = 
and the inequality of Eq. (4.11.3) becomes 
‚ 0«AS,g or AS,g 0 (4.11.4) 


Thus, the requirement for a real transformation in an isolated system is that 
AS be positive, i.e. the entropy of the system increases whenever a natural change 
is occurring within an isolated system. The entropy continues to increase so long 


113) 


h is a 
111.3) 


‘cur in 


Xpress « 


terms 


Clausius Inequality 
Applied to System 
and Surroundings 
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as changes occur in it. When the changes cease, the system is in equilibrium, and 


- the entropy has reached a maximum value. 


Thus the condition of equilibrium in an isolated system is that the entropy has 
a maximum value. 


We can always imagine that system I and its surroundings form a larger system 
called system II, which is isolated from its surroundings. Consequently, no matter 
what the interaction between system Ї and its surroundings in the irreversible process 
might be, the entropy of system II always increases. We, therefore, have 


А5, = 45,0) + AS, (T) > 0 (4.11.5) 


Clausius assumed that the entire universe could be considered as an isolated system, 
in which all naturally occurring processes are irreversible. This is the basis for his 
often quoted statement: 


The energy of the universe is constant, the TD of the universe always tends 
foward a maximum. 


4.12. STATE FUNCTION ENTROPY FROM FIRST LAW OF THERMODYNAMICS | 


According to the first law of thermodynamics, we have 


dg = dU - dw | (4.12.1) 


If the work 15 of p-V type, we have 
dq = dU + py, AV (4.12.2) 
Since U = f(T, V), therefore, we have 
| au 3 
dU = dT + dV 4.12.3 
Gr oT x]. |97 l ) 


Substituting this in Eq. (4.12.2), we get 


| д0 aU 
dq = T DS dV 4.12.4 


Dividing this by T, we have 


ША 
н es av 4.12.5 
T TUT) rar] гы! i2 


If the work is performed reversibly, then 


Pext =P £ dp = р 
and | dq = dq, 


Now if dq,,,/T is to be a state function, then the Euler's condition of reciprocity - 


has to be satisfied. According to this condition, we must have 


р z mm im a i ERES A 2 - i. i ^ 


3 
ГА 
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д [1(9U ð [1(0UY p 
La E. 4.12.6 
ru ЕЕ zu | 4 о 
| 2 2 | | 
or E: TU m i 0 a (4.12.7) 
© TWI PW) T 3T av T Toh a К 
" ME ŞU FU 
Ince 


therefore, we must have - 


WoT ITV” 


I(9U) p 2) | 
кек! =0 
sr]. ТЇ TUT 


| an 
or —| + 
ШЕЛ IT), 


This is the thermodynamic equation of state! which holds good for all types ` 
substances. Hence, dq,,,/T is a state function. Note that dq,., alone is not a state 


function, but it becomes one after being divided by T. The factor 1/T is known 


as an integrating factor, since dq,.,/T can be directly integrated between the two | 
state variables. Combining Eqs (4.12.5) and (4.12.8) and then integrating, we have 


ке > 


dT а 
= nC — — | dV 
" бй] (2 " 


For an ideal gas (pV = nRT), we have 
z 
Туу V 


T. 2 
Hence AS= Јао, In +R In —- (4.12.9) 
| Т "1 / 


4.13 CHARACTERISTICS OF THE ENTROPY FUNCTION 


\ 


The change in entropy of а system when the п dq,., is exchanged reversibly at 
temperature T is given by 


d$ = Me (4.13.1) 


‘This equation can be verified by applying it to an ideal gas. For such a gas 


(QU/gV), = 0 and (др/дТ)у = ARIV 
Substituting these in Eq. (4.12.8), we have p= nRTIV which obviously is true since for an 


_ ideal gas.pV = nRT. 


(2) (4.12.8). 
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If the system undergoes only p-V work, then according to the first law of 


2.6) thermodynamics, бду is given by 
dq, = dU + p dV (4.13.2) 
Dividing both sides by T, we get 
27) NEN 
im. — ds - — dU + Lav (4.13.3) 
T Т T | 
Equation (4.13.3) represents the variation in entropy when the internal energy 
and volume of the system are changed. Since both 1/T and p/T are positive, we can 
conclude that dS increases when (1) dU increases at constant volume, and (ii) dV 
increases at constant U, i.e. this equation represents the characteristics of state 
function entropy. 
The above characteristics can be expressed mathematically. From Eq. (4.13.3) 
12.8) we conclude that the 5 = f(U, V). Its differential is given by | 
| ds os j 
types ` 5 = al ws) dV (4.13.4) 
state 
nown Comparing Eqs (4.13.3) and (4.13.4), we get | 
e two as) 1 Ea p | 
E co me. |) 4.13.5 
ш tal 1 4905 Т ue 
Equation (4.13.3) can be rewritten (only for a reversible process) as 
dU = T d$ - p dV 
Since dU is an exact differential, we can apply Euler's condition of reciprocity to 
this equation. This yields 
Вб en 
dV Js os 
This constitutes one of the important relations in thermodynamics, named as 
; Maxwell relations. The other such equations will be derived later (see Section 5.9). 
1.12.9) 4.14 ENTROPY AS A FUNCTION OF TEMPERATURE AND VOLUME 
> Expression for We can write entropy as a function of temperature and volume of the system, such 
(95/97) and (dS/dV); that 
N, 
ibly at S=f(7,V) l | (4.14.1) 
Its differential is given by i 
4.13.1) 
d$ = m dT + EJ dV (4.14.2) 
OT /у aV 
For a system involving p-V work, d$ as given by Eq. (4.13.3) is 
ге for an 


d$- Lay, Pay (4.143) 
T I 


ILS 


A — ла riia Ёлки МЙрр etoen SER EAS a 
же pe NA аналыгы шааны ee wee IL RIA 


— 


wi am X соках 
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The differential dU can be replaced in terms of dT and dV. This can be done by 
taking U as a function of temperature and volume, i:e. 


[| U=f(T,V) 
| Writing its differential, we have 
| n) | о) 
Ё Ш=|-——|4Т+|—| dV : 4.144 
| (5r y дУ Jr | on 
| Substituting this in Eq. (4.14.3), we get | 
|. ED 2 1 5. | - 
I d$-— — | d7+—| pt+|—| |dV | 4.14.5 
| | ЛЕ | T TNE E PES 
l Comparing Eq. (4.14.5) with Eq. (4.14.2), we get — 
| e Е =v. a 
: oT y Т\дТ ү Т . C En 
| and E = pfa] | (4.14.7) | ui 
il WV), T OT Jy | 
m Entropy change Equation (4.14.6) gives variation in entropy of the system with temperature when 
F in an Isochoric its volume is held constant. Since Су ,, has positive value, it follows that (9S/9T)y 
|. Change in has a positive value. This implies that the entropy of a system increases on 
[ | Temperature increasing its temperature at constant volume. For a finite change of temperature 
3 at constant volume, we have 
Bo: = ’ dT | 
" AS | T (4.14.8) 
| - Derivation of Equation (4.14.7) gives the variation in entropy with volume of the system when 
i Thermodynamic its temperature is held constant, i.e. isothermal volume dependence of entropy. 
| Equation of State This expression can be simplified using the following procedure. 
1 ? Differentiating Eq. (4.14.6) with respect to volume at constant temperature, 
р we get | 
i= af(as)) 1a {fav)) | 

; ZG | -Efan | (4.14.9) 

д oT VIT T 14 oT VJT | 

i X 
| Differentiation of Eq. (4.14.7) with temperature at constant volume gives 
| (2) 3858] : 
Ti Sod Baas и ol 
Ju oT AOV т), 9Т\Т OV /r |], ofc 
[ апс 


| ae: E Т? k 97 ), (4.14.10) 


Since 5 15 a state function, we must have 


by 


1.4) 


1.5) 


4.6) 


47) 
hen 
Ty 


; on 
iture 


4.8) 


zhen 
ору. 


ture, 


49) 


ay 


Entropy Change 
in an Isothermal 
Change in Volume 


Complete Expression 
of dS in terms of dT 
and dV 
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205 ss 
ду ӘТ ƏT 
Thus, from Eqs (4.14.9) and (4.14.10), we get 


| U (ә) I U 1 | (x) | 
pe =| 4. +— =a EN pt m 
ToVoT Т\ӘТ)у TOTW T^| УЛ 


Since U is also a state function, we will have 


dU а 
—— =T|— 4.14.11 
| EET E , eet) 


This is an important expression, known as the thermodynamic equation of 
state; as it relates various variables of the states. 


Comparing Eq. (4.14.11) with Eq. (4.14.7), we get 


as) _ i) | | 
2-8) en 


For a finite change of volume at constant temperature, we have 


We have seen in Problem 13.13 that 


2) == 

oT ү Кт 

where œ and кт are cubic expansion coefficient and isothermal compressibility, 
respectively. Therefore, Eq. (4.14.12) becomes | 


(=) scm (4.14.13) 
д /т Kr 

Thus, the variation in entropy with volume at constant temperature depends оп 
how the pressure of the system changes with temperature at constant volume or on 
the sign of a, since ку is always positive. For most cases, 0 is positive and hence 
entropy increases with increase in volume at constant temperature. Water between 
temperatures 0 °C and 4 °C has a negative value of œ and thus has a negative value 


Substituting Eqs (4.14.6) and (4.14.12) in Eq. (4.14.2), we get 


nC 
dg =- —- ЕЗ dV 
T oT Jy 


dr (4.14.14) 
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Equation (4.14.14) describes the variation in $ with temperature and volume 
of the system. It may be mentioned that for the condensed system, the value of 
(0/ Kr) is negligible. Therefore, the dependency of S on volume of the substance, 
except in the case of gases, can be ignored. _ 


| = Example 4.14.1 For СНС), a= 1.24 x 10? КЛ, and кр= 9.228 x 10^ MPa ! at 298 K and 101.325 kPa 
: pressure. Find the change in molar volume which will be required to produce an entropy 
change of 2.092 J К^! mol” at 293 К. Assume a and Kr to be constants. 


Solution We know that 
| (=| = = (Eq. 4.14.13) 


| ү E Jas Sb MPa”! 


Therefore, av= [ A a-a VEI К!) 
55. oS Nae L24x 10? K 


2156 cm? mor! 


Problem 4.14.1 ^. Show that 
(i) For an ideal gas (QU/dV)¢ is zero. 


| ap) (ду | 
(i) C,-Cy=T ЕЗ = and is equal to R for one mole of an ideal gas. Also 
ү р | 


show that C, = Cy for water at 4 °C. Given that the density of water is maximum at 4 °C. 


Т(ӘУ/ӘТ) _То?У 


TEEN 
VI ae (др), к, 


(iv) (COP), = ТӘ РӘТ”), 


(v) Су іѕ independent of volume for ideal and van der Waals gases. 


Solution (i) The expression of (dU/dV); in terms of easily evaluable derivative is given by the 
thermodynamic equation of state 


БЕРЕ 
Ут Ta 


Since for an ideal gas pV = nRT, therefore 


ay 


. 8 
(oT V Т 

so that EJ =тЁ-р=0 (4.14.15) 
б: T 


(ii) The expression for C, - Cy is given by 


ИСТ ду 
-в-{( \ AE) 263) 


Substituting (90/97); from the thermodynamic equation of state (Eq. 4.14.11), we get 


\ 


мек М барыр oo 


ANDE. 
Nu - 


£3) , 


vy the 


14.15) 


2.6.3) 


get 
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EIE 
с-су=т{® Jar), | (4.14.16) 


For one mole of an ideal gas р/, = RT, which gives 


E -È ad eJ -È 
oT А V. oT р р 


Substituting these expressions in Eq. (4.14.16), we get 


Gar "з js -R (4.14.17) 
: m 
Since the density of water is maximum at 4 °C, we must have 
: i. | 
dT 


(We'write complete differential assuming that the density of a liquid is independent of 
pressure.) | 


Now since р = m/V, we have 


dp d(m/V) | m dV 


dT dT ү? dT 


In order that do/dT = 0; we must have dV/dT = 0 as both m and V are positive quantities. 
Now, according to Eq. (4.14.16), we get 


C,-Cy=0 or С. = Су 
(iii) The cyclic rule for the relation p = f(T, V) is 


б) 
oT NOVA op Jp 


1 (OV /9Т), 


2 T ——— 
This gives E 2 (0T/0V) (QV/dp), ^ (OV /dp)r 


Thus, Eq. (4.14.16) becomes 
TV ГТ) Tov 


елена Gs Ёш 4.14.18 
P (др; к; d 
(iv) By definition, we have 
dU 
@ | 
: ix] 
Thus E EE | 226 | (as U is a state function) 
IV 4 OV oT yje OT AOV / Jy 


Making use of the thermodynamic equation of state, we get 


OREORE 
V т TLT “Sy eth ler), OTA 
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HEBR 9.7 7 + —— (414.19) 


(v) For an ideal gas, p = nRT/V, therefore 


aT), Y ar”), 


4.1 
For a van der Waals gas, we have i 
x E Ex 
і па Í | c 
Dis Eq. 2.13.3 [ (9 

or] y? (Eq ) IOo 


! 2 
ше о ис -g 
WV т OV (ӘТ WJ, OT\V 
Since (JCy/QV); is zero for ideal and van der Waals gases, it follows that Cy is independent 
of volume for these gases. 


Problem 4.142. (а) Evaluate the expression (QU/dV), for the amount n of a van der Waals gas (use van der 
| Waals equation together with the thermodynamic equation of state) and compare it with 
| that of an ideal gas. 


(b) By integrating the total differential dU for a van der Waals gas, show that if Cy is a 
constant, then 


2 
U=nCy mT- p +0 


where U" is a constant of integration. 


Solution — (a) Thermodynamic equation of state is 


QU а 
осте ри 


For the amount п of a van der Waals gas, we have 


nRT ma 
v T 
V-nb y 
Therefore Es = 2 
дТ ү V – пр 
2 2 
Thus 1 ge NE к т. (4.1420) 
QV; V-nb V-nb \V-nb V у 


The internal energy of a van der Waals gas increases with increase in volume at constant 
temperature. This is attributed to the van der Waals constant a, i.e. molecular interactions. 
In case of an ideal gas, (QU/dV)7 = 0 indicating the absence of any molecular interactions. 


> i 
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n T. (2) 
(b) | dU e i Эр „У 
ТЕ oe 
SA ait a dV 
On carrying out open inegration, we have 


n'a 
U- nC, S T- 778 U' | (4.14.21) 


4.15 ENTROPY AS A FUNCTION OF TEMPERATURE AND PRESSURE 


Expression for We can write the dependence of entropy on temperature and pressure as 
(0S/0T), and (95/9р)т NE | | 
S=f(Z,p) -— (4.15.1) 
Its differential is given by | 
05 д5 
dS Ei Bk (4.15.2) 
In order to write the equation 
| р 
dS = —dU+—dV (4.15.3) 
T T 


in the form of Eq. (4.15.2), let us consider the following relation: 
= U-H-py | 

Therefore dU = dH – pdV — V dp 

Taking Н = f(T, p), we may write 


oH oH | 
dU = 5 dT + eal 7 - p dV - V dp (4.15.4) 


Substituting Eq. (4.15.4) in Eq. (4.15.3), we get 


1 (0H oH Do ae oD 
а — | Л | dpp--dV-—dpetdV Ж 
ш (ar), (s al. 


Т Т Т 
\ 1 (0H 1 {( oH a 
| = —|——| dT +~ —]| -V 15. 
or d$ | | L (4.15.5) 
Comparing this with Eq. (4.15.2), we get | 
C 
m 182) _ am (4.15.6) 
Ol Jp. ГОРО T 
and (=) (E) u 4.152) 
Op} T\\ op 7 


| 
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Entropy Change in — Equation (4.15.6) gives the dependence of entropy on temperature at constant 

an Isobaric Variation pressure. Since both C, „and T are positive, therefore, $ increases with increase 

in Temperature in temperature of the умаи when the pressure is held constant. For а finite change 
of temperature at constant pressure, we have 


Т, пС, m 
= | ——dT . 
AS } _ | (4.15.8) 


Cp, m independent of temperature If C, m is considered independent of 


temperature in the range T; to T}, then 


AS=nC, gin | Е , M9 Deri 
| Т Тһе 
С, т dependent on temperature If temperature dependence of a " T Equ 


in the form of the analytic expression 


р, 
1 then we have 


| C m=a+tbT+ cT? + 


D (a+bT+cT? + 
уйе | : (at OE CT +) an 
T T 
ПОРО ТЕ Е. 
= п cU E -h)te (4.15.10) 
1 О 
Example 4.15.1 Calculate AS for 2 mol of nitrogen heated at constant pressure from 298 K to 373 K. Given 


the temperature variation of С, m of nitrogen as 
Cy, 7 K” mol! = 27.296 + 5.23 x 10° (TIK) - 0.042 x 1077 (ТК)? 


Solution We start with the relation for one mole of a gas 


Т) = EST 
oT T 


Substituting the given expression of С. m we get 


ae 


EJ JK! mol = 2296 +523 x 03K - 0.042 x 1077 (T KÊ) 
dT), T 


or dS/ J KĪ! ы Е 


+5.23х10° /K = 0.042 x10 (T/K ууа 


Integrating this, we have 


ASI] K mor! = T [PLE sae? K- 0042x107 (Pk?) dT 
298K 


373K 373 K 


=27.296 in (T/K)| + 5.23 x10” H 


i 


298 K 298 K 


tant 
zase 
mge 


5.8) 


t of 


5.9) 


able 


LI 
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373K 


2 К? 


0.042 x 107 | T? 
298K : 


= 27.296 x 2.303 x log EJ £523 x 10 x (373 – 298) 
298 


`= 0.021 x 107 (3732 = 298°) 
ASK mol = 6.129 + 0.392 - 1.057 x 10 = 6.52 


Thus AS for 2 mol = (2 mol) (6.52 J K! mol) = 1304 J K 
Derivation of |. Equafion Eq. (4.15.7) gives the variation in entropy with pressure of the system, 
Thermodynamic when temperature is held constant, i.e. the isothermal pressure dependence of 
Equation of State entropy. This expression can be simplified by using the following procedure: 


Differentiating Eq. (4.15.6) with respect to pressure at constant ternparature, 
we have 


am) aR 1 ён es 
др |T T|dp\ or Jpj, ТӘрӘТ E 
Differentiating Eq. (4.15.7) with respeci to temperature at constant pressure, 
. we get [ 
MORTER 
aT op, | "rr др , 


.l|9H (=) -H -V| (415.12) 
Т|дТдр ƏT) | Т | op, = 


Since $ is a state function, we must have 


avs PS 
dp dT oT op 
Thus, from Eqs (4.15.11) and (4.15.12), we get 


ІН 19H oE |] E 
TdpoT ТӘТӘр TƏT др 


Since H is also a state function, the above expression reduces to 


oH aV 
E ZR (S. (4.15.13) 


This is another expression of the thermodynamic equation of state as it 
gives variation of enthalpy with pressure at constant temperature in terms of the 
measurable derivative (9 Viol), of the system. 


\ 
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3 | Entropy Changei inan Comparing Eq. а. 15.13) with Eq. (4.15.7), we get 
8 Isothermal Variation. — fas TEE 
jn in Pressure GE tz - - Va 


For a finite cliange of pressure at constant temperature, AS is given by 
fh(gVY fP 
s Pe rre 
Pi oT poc yA. | 
The variation in entropy with pressure at constant temperature depends on how 
the volume of the system changes with temperature. For most substances this is 


1 B a positive. Because of negative sign, we can conclude that у decreases with 
NE | | increase in pressure at constant temperature. | 


(4.15.14) 


Complete Expression Substituting E (4. 15. 6) and (4. 15. 14) in Eq. (4.15. 9 we get 
of dS in terms of dT 


aC, aV 
and d I dI 
ш Ж е: t) Ф 


nC m 
ог dS= — — T = dT- аф | (4.15.15) 


Equation (4.15.15) describes the variation in S with temperature and pressure of 
the system. For liquids and solids, œ is negligibly small. Hence the variation in 
entropy with pressure at constant temperature for such substances is small, and 
can, therefore, be ignored. 


Problem 4.15.1 Show that | 
(i) = is zero for an ideal gas. 
др j; 


T(V IT), -V W(oT-1): 


G e 


E: oC фу да 
Рр SEL TUS. i Lal 
(iii) | Y |^ tal uL (x) 


? (iv) Cp, m is independent of pressure for ideal gases whereas it depends both on 
| temperature and pressure for van der Waals gases. 


(v) Show that Com has a maximum value at p = RT/4b for a van der Waals gas. 


(vi) Show that the effects of pressure on Cp, m of a van der Waals gas is the same as 
that of Cp, m^ Cy. m 


(i) Дт= and is zero for an ideal gas. 


Solution (i) The expression of (дН/9р)т in terms of easily determinable derivative is given by the 
| thermodynamic equation of state 


dH | oV 
аа ee а qp 
eal ! or), 


For an ideal gas pV = nRT, thus 


15.14) 


n how 
this is 
s with 


15.15) 


sure of 
ition in 


ill, and 


; 
both on 


"as. 


same as 


n by the 


Therefore E A ics +V=-V+tV=0 (4.15.16) 
др jr р. B | 


_ (ii) Joule-Thomson coefficient, by definition, is 


т\н. 
dp Jy | CA 9p 7 | 


Making use of the thermodynamic equation of state, we have 


Since a = (1/V) (9V/0T), , we have 


E Т(9У /9Т), -y В V(a T -1) 


Hyr = С, C, 4.15.17) 


For an ideal gas (dH/dp)7 = 0, therefore Hy = 0. 


(iii) By definition, we have 


c= (ar) 
Р (97), 


| „кое Жү 7 
Thus F ap | ӘТ), | әт \( др), i (as H is a state function) 


Making use of the thermodynamic equation of state (Eq. 4.15.13), we get 
dC 2 
е) <2 (2) or} - n «(95 n) 
др Jp OT 9T /, ; oT /, oT}, XOT /, 


Фу 
=-T (59 | | (4.15.18) 


Now since 0 = (1/V) (9V/dT), , therefore — . 
aC 2 
ea 7l) aca Co 
др jr Т^}, oT \\oT /, | 
“| m =) 
ат оар ша 
С К] 
= -T (S +Va" |=-ТУ Ej +0? 
oT J, oT /, 
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Problem 4.15.2 


(iv) For one mole of an ideal gas, V, = RT/p, therefore 
2 
(Za) _^ and e =0 
oT Jp p oT Р 


дС dV 
БЕ =-T|—* |=0 
Thus | ie | e 


For one mole of a van der Waals gas, we have from Eq. (2.6.15) 


cJ (222 2ар , Aabp’ _Va-b, 2а 4ађр 
дТ \ Т RT? ЮТ? 


Se 


T m? pr 


(Note: In the second and third terms, the approximation p (Vn — b) = RT has been used.) 


T 


QV) 1(aV.\ V -b 4a 12ab 
MENORES 
р 


аг? ), ar), T RÉ RT 


Е: 2а, мр) fut 4а 12а 


+ -— + 
TOP ROET) T RP ger 
ы ЫШ 
RT? ВТ“ 
oC 9? y. 2a  8ab 
p,m m Op . 
=- T —- | =+4— —-— 
Hence | др | | ЭТ? | ЕТ? ЮТ? 


Hence (9C, „/др)т depends both on T and p for van der Waals gases. 
(v) For C, m to have a maximum value, we set (C, „/др)т = 0. 
Thus, we get 


Ja  8abp | | _ RT 


к? кт 7 Pa 
(vi) We have 


р) [ue (Ss 
др E. op j, op J, 


Now since Су is independent of pressure for a van der Waals gas, we have 


Ce 
op J; à 


(С, — 
Непсе 5 pn d [e 
др ; др jr 


| C, Cy a 
Using d$ = r3 dT-Yadp or d$- 7 Ac dV, show that 
| T 


(i) 25 
py Ta 


and (iii) Ed ES where Y= C, / Cy. 
$ 


Solution (i) We have 


C а 
= “dT+— a (4.15.19) 
Т Кт 
Since Т = f(p, V), therefore . 
| oT (27) 
| me +|-—| dV 
| Е НЕ ov р 
Substituting this in Eq. (4.15.19), we have 
| C, { oT “(= 0 
es +|—|— | +— dV 4.15.20 
S HE) фо 3r), x, en 
Dividing by dp and introducing the condition of constant V, we get 


95) C, (oT) f (@дУ/дрг\ Cr £r 
BE T 8) Т с, Taua (4.15.21) 


(ii) We have 


ed.) 


C, 
dS = =" a? — Vor dp (4.15.22) 


c oT oT 
= Р | dp + |— | dV>-Vad 
d ш HE BE кш 


С ( 9T C (or 
zog qued epe cua 1523 
Er = zi (S «je ii 


Dividing by dV and introducing the condition of constant p, we get 


| 
| H E a n ЖШ (4.15.24) 
wv} T(V] Та 
| Xx 
| 


(iii) Dividing Eq. (4.15.20) by dp and introducing the condition of constant 5, we get 


C(I) |с (әт). al(av d 
0= 21| | + s—l—| + 6 — a 
Т др ү Т oV p Кт др 3 |". | 


H T | op |, 
or — | = = =———=————=—= ЖШ Шы шш шышы. 
ap |, aa 29 Go ^ To? V 


ut aam ESI DE RAR TA ER S RA aA 


илтте лтты АТАНАТ OT EAS 
m аЛ О ERE 


198 А Textbook of Physical Chemistry 


` Problem 4.15.3 


Solution 


Now according to Eq. (4.14.18), we have 


Kr 


With this the above expression modifies to 


(=) 0 Сук; yr 
$ 


op C, *C,- C, ee 
(| E: | | 
х aah Y (4.15.25) 


(a) Show that, if (90/00) = 0, the equation of state of the substance must be of the form 
p-Tf( ; | | 


(b) Show that, if (дН/др)т = 0, the equation of state of the substance must be of the form . 


V=T fp). | 
(c) If for. a substance both (90/9/); = 0 and (дН/др); = 0, the equation of state is 
pVIT = constant. | | | 


(a) In the thermodynamic equation of state 


д0 4 
assy ИЕ, fp sl RN 
I Е у 


if we substitute (00/90); = 0, we get 


(2) um | (4.15.26). 
OT jy T | 
or T - Е ; (V constant) (4.15.27) 


Integrating this, we have 


In Lee Or 20 o 22-2 

p Т pj 1 1, 1 
or p=TA (4.15.28) 
where A is constant. Since V is held constant in Eq. (4.15.27), we conclude that the 
value of A will depend on У, i.e. A = f(V). Hence, Eq. (4.15.28) may be written as 


p-Tf(V) 


(b) In the thermodynamic equation of state 


(ду 4 
A Е. (4.15.29) 
dV ат 

п Уут ; (р constant) (4.15.30) 


i 


4.16 


orm 


e is 


26) 


27) 


38) 
t the 
ñas 


29) 


1.30) 


Integrating this, we have 


shui v 87 
И Д n Д 
or V=TA 


(4.15.31) 


where 4 is constant. Since p is held constant in Eq. (4.15.30), we conclude that the value 
of A will depend on p, i.e., А = Јр). Hence, Eq. (4.15.31) may be written as 


y - T f(p) | 
(c) Making use of the cyclic rule - 


o 8). 


we have 


а a. 
-AIVI  (QV/oT),QT/op), (V); T 


Substituting the expressions of (97/9/), and (9р/9Т); from Eqs (4.15.29) and (4. RO 
respectively, we get 


(2) -IPP (4.1532) 
Vi VT V | 


Form the given expression of equation of state, we conclude that p = f(T, V). Writing the 
complete differential of p, we get — — | 


= (ar) nr) 


Substituting the expressions of (9р/9Т); and (9р/9/) form Eqs (4.15.26) and (4.15.32), 
respectively, we get ` 


dp- Par-Pay 
S. UM р 


dp dT dV 


or = -—— 
р T V 


Integrating the above expression, we get 


п 2-02-02 o n-m o 22.2 
Pi T, Vi phi Т pA Д 
V. V, V 
or с: - = constant (4.15.33) 


4.16 ENTROPY CHANGES FOR AN IDEAL GAS 


Entropy changes for an ideal gas due to variations in temperature and volume or 
temperature and pressure can be determined by using Eqs (4.14.14) and (4.15.15). 
But, for the sake of simplicity, we drive the necessary relations directly from the 
definition of entropy function and the first law of thermodynamics. 


| Temperature and 
E Volume Variations 
{i 

2 | 

| р 

| \ 

ү 
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According to the first law of thermodynamics, we have 


darev = dU + р dV 
Dividing this by Т, we have 
Wey = aU + P 
| Du x 
Taking U to be a functiori of T and V and writing its differential, we have 

dU = Fl. dT (G) dV 

oT QV | 
Substituting this in the pred expression, we get 


e ND (to 


Now for an ideal gas 


57) = () ^ (Joule’s law) 


d$ = dV 


p nR 
and PIDE 
T V 


With these, alongwith the fact that (90/97), = Су, the previous expression becomes 


d$ = E ee. dV (4.16.1) 


For a finite "s we have 
Тет 


AS = [ars [ar Pres: 
T WV 
Considering Су to be independent of temperature, we have 


AS = Cy In Demne (4.16.2) 
Т / 


T. A 
o — AS=n |Cy ,I1n 2 Rln 2 (4.16.3) 
"1 4 
This is the expression when both the volume and temperature of an ideal gas 


are changed. For an isothermal change in volume, the entropy change is given by 
the relation 


AS = nR In E (4.16.4) 
s 4M 
For the change of temperature at constant volume, the expression is 
T, nC xS | 
ds = | релш, (4.16.5) 


omes 


16.1) 


16.5) 


Temperature and 
Pressure Variations 
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Cy m independent of temperature From Eq. (4.16.5), we get 
AS = пСу „п x | (4.16.62) 
1 
Cy, m dependent on temperature If Cy ,, depends upon temperature, we have 
to express Cy m in terms of T before carrying out the integration in Eq. (4.16.5). 
For one mole of an ideal gas, we can write 
Cy. m^ Ch, m" R 


Dependency of C, m on temperature is given by the analytic expression 
C, m 7 a * + Т? + 


Thus, the expression of Cy m for an ideal gas is given by 


(Cy at bt cT? +R 
Substituting this in Eq. (4.16.5), we get 


La bT cT? +. В 


T, T 


Dha4- Т. 
=n f a araf GEEST 
D 1 


Thus “AS=n le- R) In 2 +b(I,-T,)+ „@ -Th« = (4.16.6b) 
1 
For an ideal gas, we have 
тИ 
A pA 


Substituting this in Eq. (4.16.3), we get 


Т Т 
AS =n] C, „ln +R n P2 
^ 1 pl 


ог AS- Cra tR NEARNE 
| 1 P) 


o — A$- "С, In Bernd] (4.16.7) 
| 1 Pp 


This is the expression for the change in entropy of an ideal gas when both its 
pressure and temperature are changed. However, if the temperature is varied at 
constant pressure, then 


Т. 
AS=nC, In 2 - (4.16.8) 
n p, m T, | | 
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In deriving the above expression, it has been assumed that C, m is independent of 
temperature. If C, m varies with temperature as 


C, a7 a * ÓT * СТ +... 


pm 
h -nlan 2+6 -т)+ 62-12 
1 
For the isothermal change in pressure, we have 
AS-nmRl A 0 Е (4.16.9) 

| Example 4.16.1 For an ideal gas Ca, m = (5/2)R. Calculate the change in entropy suffered by 3 mol of the | 

gas on being heated from 300 K to 600 K at (a) constant pressure, and (b) constant volume. — 
Solution (a) The change in entropy as a result of variation in temperature at constant pressure is 


given by 


T. 
AS, = nC, m In 
1 


Substituting the given values, we get 


AS, = (3 mol) [= xssiarK moi” 2.303 log о 
p 2 | 300K 


=43221К1 
(b). The corresponding expression at constant volume is 


Asy = nC, m In а 
>R 


which on substituting the given values gives 


a AS, = (3 mol) Ё x8.314 JK! zu x 2.303 log чо 

f | 2 300 К 

F = 25.93 J K! 

| Example 4.16.2 Calculate AS for 3 mol of a diatomic ideal gas which is heated and compressed from 298 К. 
| { and 1 bar to 398 K and 5 bar. Given: С, m = (7/2)R. 
ү Solution The entropy change as a result of variation in both temperature and pressure is given by 
E S as=a [c 22d 

n ; PM y 

| 1 Р) 

| | Substituting the given values, we get 

" | 398K 

| E AS - (3 mol) E x8314JK'" not" х 2.303 log чш 

E | 2. x 298K 


+ (8314 J K^! mol) x 2.303 log d 
25 bar 


= 3(8.422 J K ! – 13.383 JK") 
=~ 14.883 JK" 


Second Law of Thermodynamics 203 


Example 4.16.3 By how much does the entropy of 3 mol of an ideal gas change in going from a pressure of 
| 2 bar to a pressure of 1 bar, without any change in temperature. If the surroundings too are 
at 1 bar pressure and 300 К, and the expansion is against the constant external pressure of 
the surroundings, show that the process of expansion is irreversible. 
Solution Entropy change of the gas 


АЗ, = MR In PL = (3 mol) (8.314 J K^ mol) x 2.303 log | 2 bat 
" Р» | l bar 


= 17.29 JK" 
Entropy change of the surroundings 
Since AT = 0, therefore AU = 0 and according to the first law of thermodynamics 


q ~~ W > Dey (AV) = Pext (V = V) 


nRT nRT 1 | 
= Pext e = "т = Pext nRT e ~ 1. 
Р) Pi D P 


= nRT [ = ы] (since Peu = рз) 
1 


Substituting the values, we get 


ar 


q = (3 mol) (8314 J K mol) (T) í - Au | = (1247 KT 


AS So ТК 


AS total = AS sys + AS cur 
| = (17.29 – 12.47) ЈК”, which is positive. 


Since A Staj 18 positive, the process is irreversible. 


4.17 AFEW DERIVATIONS INVOLVING A VAN DER WAALS GAS 


acum 
() ду r V-nb 


We know that 


as E Э 
ВЕЕ j | (Eq. 4.14.12) 


For the amount n of a van der Waals gas, we have 


n'a 
ptm | V- nb) = nRT 


Differentiating this with respect to temperature keeping volume constant, we get 
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or д y [ | | | E ( LI Й а) 


(i) = E V -nb 


T QHE i a 
Рт клы, 
We know that | 
as) (aV 
eu or). | (Eq. 4.15.14) 


For the amount n of a vati der Waals gas, we have 


та 
Pray (V — nb) = nRT | 


Differentiating this with respect to temperature keeping pressure constant, we get 


2nla( 9V na \(ду\ _ 
к EJ = 


oT y? 
1 1 2 \ 
| {| Ej Rer vin = nR (V — nb) 
\ Dividing by nR and rearranging, we get | 
EJ =- e | (4.17.22) 
na 2 
P | ——(V-nby-T 
PR ) 


Hence, it follows that 


=) _ V-nb __ | (4.17.26) 
Рт р СЛ ТТ 


р-на р ME ET ree ТЕЗЕ ee) Rl Rs ГЕС 
T К> o. c. “ > —- Р tts , 


IDEE A ca 
AVENA Yates n T T 


кыркын: 
тшш 


=a 


SS 
A x % 


1а) 


Ib) 


14) 


> get 


7.2a) 


72b) 
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(ii) з Е ы с E 


др 


Т 
The differential (dH/dp)7 as given by thermodynamic equation of state is 


БЕС 
др Jr 9T /, 


pir + (Z) "uL 7 (Ea. 4.17.22) 
КЕ 


Therefore oH =V + 
ТА др T 2na 
3 


=ү+—— | (4.173) 
age omy a | 
! E (Ип) 
р V?RT 


29 
ЖУ eee 
y no) na 


We can write 


TE " 
Н! OV Jr V Op т pog 


From the thermodynamic equation of state, we have 


dU а 
а, = Т са S 
eal р ae 


Substituting (dp/dT), from Eq. (4.17.1a), we get 


2 2 
s] ай rnt (4.17.5) 


QV), V-nb y? y? 


Now making use of the cyclic 


| Gr] ar), tt 
Kap Jr 97у AY), 


z (OV /9Т), 
we get |=] = | 
др Jr 


(platy 


= таче, н ева " ——— ee 


| 
{ 


————— Ááá— 


се ee ere amne une n a EATER LI SET PRP ЧАНАД 
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Substituting (3p/97)y and (97/97), from Eqs (4.17.1a) and (4.17.2a), we get 


Pi 
ov V - nb V -nb V - nb) 
| Ы кк ле е | LUE 4116 n 
Рт | (ү-п'-Т|\ " PLV - nb) - 
VAR P (V – пБ) -nRT 
Substituting (4.17.5) and (4.17.6) in Eq. (4.17.4), we get 
2 2 7 4h 
B Е В oo " рю (4.17.7) 
PUE “ау nb? -nRT| EV - nb) --—— 
| y? | V na 
HH E) PN CLER 
lu TZ" Са" 
ie Taking U to be a function of T and V, and writing its differential, we get 
= (7) ага ar 
0T у OV Jr 
Dividing by dV and introducing the condition of constant U, we get 
= E 6 
0 |е — T — 
as 0T Jy NOV Ју ХУ Jr 
He. E (QU / д), 
ll 0 pun BEC Ae RAUS CREDE 
| f : Wy QUIT), 
ie i Making use of Eqs (2.4.9) and (4.17.5), we get Ех 
in Са __п alV E. (4.178) Sol, 
| ov U nCy m Cy nV | 
iB V Cy „(И = nb) 
| = Taking 5 to be a function of T and У, and writing its differential, we get 
р, 
ү " dS = E 5. dV 
i ` | oT y oV T | Proi 
| : Dividing by dT an introducing the condition of constant 5, we get 
|: | Soli 
| (8 8) « (2) - m. 
T aT Jy VOV Jp A OT Js oT),  (9S/9V), 


Making use of Eqs (4.14.6) and (4.17.1b), we get 


Coon C, „(V -nb 
Ej Qu pP. el) (4.17.9) 
OT Js  nRI(V-nb) RT 


7) 


8) 


m» 


Problem 4.17.1 


Solution 


Example 4.17.1 


Solution 


\ 
Problem 4.17.2 


Solution 
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A van der Waals gas changes its state from Ti, V, to T,, Vo. Derive the expression for its 
entropy change. 


From Eq. (4.14.14), we have 


nC, m Al 
dS = ———dT + 
T > dT 


For a van der Waals gas, we have . 


nRT та 


Py yi 


i 


Therefore 


Hence, Eq. (4.14.14) becomes 


nCy. i nR 


d$ = dT + 
- nb 


dV —— (417.10) 
Integrating the above expression within the limits T}, V, and T}, V, we get 


AS=nCy, „п 2 2 nin 2 ey 
Т - nb 


which is the required expression AS. 


One mole ofa van der Waals gas undergoes a change from 298 K and 1 дп? to 373 K and 10 dm’, 
What is the change in its entropy? Given b = 0.06 dm? mol, Су m= A 0 J K molt, 
Substituting the given data in the expression 


E 0, в 220 
е y, -b 


Е 373 Sie sce 10— 0.06 
we get AS = (29.07 К! mol! 2 + (8314 J K mol!) In : 
E 298 ) е 


= (6.51 + 19.61) J K mor! = 26.12 J K! mot! 


For an adiabatic reversible expansion of a van der Waals gas, Eq. (4.17.10) will also be 
applicable. Show that AS... for such a process will be zero. 
From Eq. (2.14.4) which is applicable to an adiabatic reversible process, we have 


RT 
Су т dT = = 


dV 
V —nb 


In the light of this expression, Eq. (4.17.10) will be zero. Hence for an adiabatic reversible 


expansion of a van der Waals gas, А 5 = 0. 
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4.18 STANDARD STATE FOR ENTROPY OF AN IDEAL GAS 


The molar entropy change due to the isothermal change in peu of an ideal 
gas is given by 


AS=RIn PL=- Rin 2 (Eq. 4.17.7) 
Р Pi | 


The above equation may be written as 
S, m- Si, m =- [R In (pp?) - R In (pyp?) (4.18.1) 


where 5 m and $, m are the molar entropies of an ideal gas at pressures p» and 
рі, respectively, and p? is the standard-state unit pressure. 

The standard molar entropy of an ideal gas at given temperature is defined as 
the entropy ofione mole of the gas at pressure equal to 1 bar! It is represented as ` 
$°. Substituting pi = | bar and replacing p» by the general term p in Eq. (4.18.1), 
we get 


Sa- 52, 7 - В In (p/1 bar) (4.18.2) 
Equation (4.18.2) gives molar entropy of an ideal gas at pressure p relative to that 
at | bar pressure. A plot of S,, — SS, for an ideal gas as a function of pressure is 
shown in Fig. 4.18.1 and as a function of In (p/ bar) in Fig. 4.18.2. It is evident 
from Fig. 4.18.1 that the rate of decrease in entropy with pressure is rapid at low 
pressure and becomes less rapid at higher pressure. 


/2.303 R ——— 
Ф с 
©\ to 


o 
— Sn 
[e] 


Sm 


mov 
| 

© 

Mo 


4.20 
‚ Fig 4.18.1 Plot of S, — $7 versus (p/bar) Fig. 4.18.2 S — 5° versus In (p/bar) 


' Prior to the recommendation of standard-state pressure of | bar, the value used was | atm 
(= 101.325 kPa). The change from 1 atm to 1 bar causes an increases of 0.109 J К! mol"! 


(= R In (101.325 kPa/100 kPa)} in the standard-state entropy of gaseous substances only. Entro 


of the 
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4.19 ENTROPY AND DISORDERLINESS 


Equations (4.16.1) to (4.16.9) describe the characteristics of entropy change for 
an ideal gas. These characteristics, in turn, reflect the basic nature of the entropy 
function. According to Eq. (4.16.6), we see that on increasing temperature of the 
gas at constant volume, there occurs an increase in the entropy of the system. The 
increase in temperature of the gas causes increase in the average kinetic energy 
of the molecules and thus the latter possess more energy and hence their motions 
become more random or disordered. Consequently, the increase in entropy of 
the system may be correlated with the increase in its disorderliness. The same 
conclysion will be drawn from other equations. For example, according to 
Eq. (4.16.4), the entropy of gas increases on increasing the volume of the system 
at a constant temperature. This increase in volume allows the molecules to move 
in a large space and consequently their motion become more random or disordered. 
Hence, the entropy may be considered to represent the disorderliness of the system— 
larger the disorderliness, larger the entropy of the system. 

Take, for example, the three states of a substance, namely, the solid, liquid and 
gaseous states. In general, the molecules in the gaseous state are more disordered 
than those in the liquid state, while the molecules in the latter are more disordered 
than those in the solid state. Thus, the entropy of the substance in these three states 
of mater follows the order 


S(gaseous state) >> (Паша state) > S(solid state) 
The following reactions 
Fe,0,(s) + 3H,(g) ^ 2Fe(s) + 3H,0(1) 
+N, (g) +: Ho(g) > NHs(g) 
will be attended to by a decrease in entropy ИШЕ in converting reactants into 


products, the number of gaseous species decreases and thus the products are more 
ordered than the reactants. In the reaction 


H,(g) + Вг) > 2HBr(g) 


entropy of the system increases as products contain larger number of gaseous 
molecules than the reactants and thus are more disordered than the latter. 


4.20 ENTROPY CHANGE IN ISOTHERMAL EXPANSION OR COMPRESSION OF AN IDEAL GAS 


Entropy Change 
of the System 


In this section, we derive expressions for the change in total entropy (system + 
surroundings) when an ideal gas undergoes isothermal expansion or compression 
processes. 


The change in entropy of one mole of an ideal gas as given by Eq. (4.16.4) 15 


Р, 


AS у; = В |1 y 


where V, is the final volume and V} is the initial volume. 


i 
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Reversible Change 


Irreversible Change 


Next we proceed to calculate the change in total entropy for the following 
categories. 


If the expansion or compression is carried out reversibly, then 
£ PAE 7 
dy WERT у and Абд = Tow 


If it is assumed that the heat йу is exchanged reversibly between the system and 
the surroundings at temperature 7, it is obvious that ——— 


drev 
Ма E 
Thus Аб = AS, AS = 0 ps (4.20.1) 


Two cases of expansion process may be considered: 
Free expansion The gas expands into vacuum for this process, we have 


w=0, and q=0 
Since entropy is a state function, the entropy change of a system in going 
from volume V, to V} by any palo will be same as that of a reversible change; 
therefore, 


As = =R In 7 
Since no heat is- supplied Ыы the surroundings the entropy change of the latter 
would be zero, 1.е. | 


AS = 0 


2 y. 

Абы = AS, + А5 = R In D +0=Rln га =positive (4.20.2) 
l 1 

Intermediate expansion Since AS, is the same as that of reversible change, 

therefore, 


№ 4а 

V Т 

where qey is the amount of heat that the system would have absorbed had the 
process been carried out reversibly. In the present case the expansion is done 
against a constant pressure, thus 


dig = - W = Pe (V? Й) 
The change in entropy of the surroundings will be given by 
dm __ Ре Й) 
Т Т 


Since the magnitude of work involved in the intermediate expansion is smaller 
than that involved in reversible expansion, it is obvious that gi < фу. With this, 
A Stota becomes 


А$ = R In 


ASau =- 


MS AS + Абы = me v - positive (4.20.3) 


\ 
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Example 4.20.1 One mole of an ideal gas-is expanded isothermally at 298 K until its volume is tripled. Find 
the values of A Spas and AS, under the following conditions. 
(i) Expansion is carried out reversibly. 


(ii) Expansion is carried out irreversibly where 836.8 J of heat is less absorbed than in (i). 
(iii) Expansion is free. 


Solution The entropy change of the system AS,ys will be same in all the three processes as it is a 
state function. The expression of the change in entropy due to volume change at constant 
temperature is 


А$ = nk In 2 = d 
| V T 


Substituting the given values, we get 


Sys = (1 ШЙ (8314 J K! тог!) x 2.303 log Е \- = 9.134) K! 


The change in entropy of the surroundings A Syr however, will depend upon the process. 


We calculate below this change as well as the total change of entropy (A Syys + AS, ш) for 


sys 
each of the three given processes. 


(i) Reversible expansion | | | 
AS gas ix AS n and А Stotal = 0 


(ii) де expansion For the irreversible expansion, the quantity of heat abused by 
the system from surroundings would be 


di = dev T 836.8 J 
The quantity 4 of heat will be supplied reversible by the surroundings at 298 К and 


hence | 
oe d | rev _ 836.67 JAM К А, = 836.6 J 
298K 298 K 298K K 298 K 


836.63) 
and Абы = Af + ASen = Als - Sq + Ey 
= 2.808 J K! 


(iii) Free expansion For this expansion, the system does not absorb any heat, thus q = 0. 
Hence 


А5=0 and Аы = AS yyy = 9.134 K” 
\ 


4.21 ENTROPY CHANGE IN ADIABATIC EXPANSION OR COMPRESSION OF AN IDEAL GAS 


Entropy Change of Since in adiabatic processes q = 0, therefore 
the System AS 


-0 
SUIT 

Since in an adiabatic process, both temperature and volume (or pressure) 
change, the expressions for the molar entropy change as given by Eq. (4.16.2) 
and (4,16.7) are | 
Т, 2 
AS, = Сш + Rin 
А: | 


ренеси нда КЫН жиы pune ale Fh 
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| r | 
AS, e zi ALS n 
P 
Now, we proceed to alode the change i in total entropy for the following 
| categories. 
Reversible Change — In this case 
Я Š A Ssys = 0 ; 
since for the adiabatic reversible process, 
PR ^ 
Cy In ш Eq. 2.11.6 
Т y (Eq ) | 


Ce ee er 
d Ce ip Se Rin . 
an p,m 1 Т h EE | Tm 


Thus Аб = A Seys АЗ =0 40-0. (4.21.1) 


In the present case of expansion (or compression), the increase (or decrease) in 1 
entropy due to the volume change just compensates the decrease (or increase) n — ү 
entropy due to the decrease (or increase) in temperature. «d 


Irreversible Change In е case, . mE 1 Sol. 


Абу, =R in + Crn hn (421.2) 


where Т» is the temperature of the system in the final state. Making use of 
Eq. (2.11.6), we have 


, 


= b h 4.21.3 
Аика шү. (4. 3) 


where T» is the temperature, if the process was reversible. 
Since we know that 
Wire > Wrey (including the sign of w) 
: and moreover for adiabatic changes 
\ AU=w : 
it follows that | | 
А Vin >A Urey 
ог Суп (72-1) > Cy, m Ty - T) 


Remembering that Т» « T, in the expansion process and Т „ > T; in the compression 
process, we have | 


T; >T; | | (4.21.4) 


ving 


1.6) 


13) 


ы 


Example 4.21.1 


Solution 
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that is, the decrease in temperature during the irreversible expansion will be lesser 
and the increase in temperature during the irreversible compression will be larger 
than the corresponding change in the reversible process. Thus, we have 

Cy m In > Cy m 

T, | І 
Substituting this relation in Eq. (4.21.3), we get 
AS, = tve 

and thus A Stotal = A Ssys + А, = t Ve 


ee 


In the present case of expansion (or compression), the increase (or decrease) in 
entropy due to the volume change is larger (or smaller) than the decrease (or 
increase) in entropy due to the temperature change and hence AS,,, is positive. 


10 g of neon initially at a pressure of 506.625 kPa and temperature of 473 K expand 
adiabatically to a pressure of 202.65 kPa. Calculate entropy change of the system and total 
entropy change for the following ways of carrying out this expansion. _ 
(i) Expansion is carried out reversibly. 
(ii) Expansion occurs against a constant external pressure of 202.65 kPa. 
(ш) Expansion is a free expansion. 
(i) For an adiabatic reversible process 
AS, =0; AS 


ys шт 0 and AStotal A 0 


(ii) First of all, we will have to calculate the temperature of the gas after it has undergone 
the said adiabatic irreversible expansion. This can be calculated as follows: 
For an adiabatic process 

dq =0 
Therefore, according to the first law, we have 

dU = dw | 
ог nCy m dT == pe dV 
For an irreversible process against a constant pressure 

nCy m AT- = Pext (№ n V) 
or nCy m (Т, is T) = Pext (V х V) 
From the ideal gas equation, we have 

_ ART, _ (0.5 mol) (8.314 kPa dm" К^! mol”') (473K) 
|l p (506.625 kPa) 


_ nRT, (0.5 mol) (8.314 kPa dm’ К”! mol JT, 
^ p (202.65 kPa) 


Therefore, we have 


(0.5 mol) REIS not" (T, - 473 К) = (202.65 kPa) 


4 T 
x | (0.5 mol)(8.314 J K! mol) CX anum 
| 506.625 kPa 202.65 kPa 


\ 
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Cancelling the common terms, we have. 
CERE 
K ® 2 
1892 | 
or 5(T,/K) = ora * 1419 


Т, = 359.48 K ` 
Now employing the relation 
Т. р | 
2 AS =n |C, 2+1 
pne 
for the entropy change of the system, we get 


f 


NS, = (0.5 mol) (2 $314] K^! not x 2.303 x log E 3 


+ (8.314 JK" mot) x 2.303 x log | 06625 KPa 
{ ' ( 202.65 kPa 


E = (0.5 mol) (- 5.704 J K! mol! + 7.169 J K mol’) 


(oom а. ee ж]? 


CIT 
ЗЕ Уф Cap ae 7. ae 


= 0.957 J K”. 


Since no-heat is absorbed or given out to the surroundings 


AS ur = 0 


surr 


n Thus А = A54, 70957 TK" 
ME 
| j ee (iii) In a free expansion, we have 
E w-0 
i | Since the expansion is adiabatic, it follows that 
1 q=0 | 
Thus, from the first law of thermodynamics, we have 
AU=0 


This implies that the temperature of the gas remains unchanged during the expansion. Thus, 
the entropy change will be there only because of pressure change. Employing the relation 


\ А5 = пк & 
D 
we get A Ssys = ASrotat 
506.625 kPa 
= (0.5 mol) (8.314 J K! mol”) x 2.303 log | ————— 
ш ш ЧЕЗ 


-381JK. 


Entropy Changes in 
a Reversible Phase 
Transformation 


Trouton’s Rule 


Thus, 
ation 
\ 
Entropy Change іп 
an Irreversible Phase 
Transition 
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4.22 ENTROPY CHANGES INA FEW TYPICAL CASES 


In this section, we derive expressions for entropy change involved in a few typical - 


cases given below. 


Since the reversible phase transformation takes place at a constant equilibrium 
temperature, it is obvious that - 


AS = 4% 
T 


where qey is the heat involved in the phase transformation. For the transformation 
of one mole of a substance at constant pressure, gey is equal to the molar enthalpy 
changes of the said transformation, 1.e. 


rev = АН 


Thus the entropy change per mole of phase transformation is given by 


AS, = "E 

According to Trouton's rule, the molar entropy of vaporization of most liquids 
which do not involve hydrogen bonding and also do not possess boiling point less 
then 150 K is about 10.5 R. Benzene is one of the examples for which we have 


АН (benzene) = 31.171 kJ mol” 

Ty = 353 K 

(311717 mol) 
- (353K) - 

For water which involves hydrogen bondings, the value of A,,,5° is 
(44 012 J mol”) 
(373 K) 
which is much larger than 10.5 R, i.e. 87.3 J K molt, 


Thus A449" ICM = 88.3 J K mol! 


Ap (water) = = 118.0 J K" mol” 


No such rule exists for entropies of fusion at the melting point. For most 
substances 


Apt < AS? 


vap 
as the former involves only condensed phases whereas in the latter a condensed 
phase transforms into the chaotic gaseous phase. 


As stated earlier, entropy change in an irreversible process can be calculated by. 
transforming initial state to final state through the reversible paths. For example, 
the irreversible phase transformation of one mole of liquid water at -10 °С (Tj) to 
solid water at —10 °C can be calculated following the reversible paths given below. 


(i) Heat the supercooled water reversibly (slowly) so that its temperature rises 
to 0 °C (T). 
(ш) Convert the water at 0 °C reversibly to ice at 0 °C. 


(itt) Cool the resulting ice vase д] dll it acquires a temperature of 
-10 °С. 


all 
IH 
ч 
uH 
di 
i 
dl 
i$ 
H 
18 
[t 
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The corresponding changes in entropies сар Бе calculated as follows: 
(i) H,O(1, 263.15 К) > E5O(1, 273.15 K) 


hdg aC, (dT _ | 
as= 86| ка Y [n 
T A T i | 


The heat capacity of liquid water is 75.312 J K! mol". ш this value 
along with Т, = 273.15 K and Тү = 263.15 К, we get 


= (75.312 J ч тог!) х 2.303 x log E 3 


263.15 K 
= -2 809 J K! mor! 
(ii) њой, 273.15 К) > H,O(s; 273.15 К) 


A = J2- Дь, Н 
| T T 


m 


Now  AgeezH = — 6 008.2 J mol. Thus, we get 


_ —6 088.2 J тог! 


= — 21.996 J K mot! 
(273.15 K) 


2 


(iii)  H,O(s, 273.15 К) > H,0(s, 263.15 K) 


144 А C, m(S) Т 
= | | атс (sn 
nns | I Ws. Y pals) 


The heat capacity of water in the solid state is 36.401 J K! mol !. Thus, we get 


= (36.401 JK" mot) x 2.303 x log | 293-5 К 
273.15K 


--1358J K mol” 
Thus, the change in entropy of the process 
H,O(1, 263.15 К) > H,O(s, 263.15 K) 


T is given by 

I 

d à AS, = AS, + AS, + AS; 

TE = (2.809 — 21.996 — 1.358) J K mor! 

TE \ = 20.545 JK ! mol”! 

: | 2 Thus, the transformation of liquid water at -10 °C to solid water is attended 


to by a decrease in entropy. Note that from this value alone, it is not possible to 
predict whether the said transformation is reversible or irreversible (or spontaneous). 
In order to predict this, we have to calculate the change in entropy of the 
surroundings and then determine the total change in entropy by adding entropy 
changes of the system and surroundings. White.evaluating AS,ur, we assume that 
the surroundings receive heat equal to the heat of crystallization at 263.15 K in a 
reversible manner at temperature equal to 263.15 K. The value of Ag... Н (263.15 К) 
can be obtained from that of Ag... H (273.15 К) by using the expression 


value 
Example 4.22.1 
Solution 
ve get 
\ 
Example 4.22.2 
tended 
ible to 
1eous). 
of the 
ntropy 
- ne that Solution 
Kina 
15 К) 
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Age; Н(263.15 К) ~ Ары, H(273.15 К) = (AC,) (AT) (Eq. 3.5.1) 
= (36.401 J K! mot! -75.312 3 K mol (10 К) 
= 389.1 J mol! 
Thus Аь,,,1(263.15 К) = 389.1 J mol! Ag, H(273.15 K) 
! = 389.1 Jmol! — 6 008.2 J mot! 
=— 5 619.1 J mol! 
-Ase H(263.15K) 5619.17 mol"! 
T 7 26315K 
= 21353 J K! mot! 
and Аы = AS yg +А$ sure 


Hence AS= 


f 


Sys 
= 20.545 J K! mol! + 21.353 J K! mor! 
= 0.808 J K! mor! 


Since Asta, = +ve, the said transformation will be irreversible (or spontaneous) 
in nature. 


iy 


Calculate the entropy change at 373 K for the transformation 
H,O(1, 1.013 25 bar) = H,O(g, 0.101 325 bar) 
Given: А, = 40.668 КІ mol’. 
We can calculate the change in entropy from the following steps. 
Step I H,O(1, 1.013 25 bar) ^ H,O(g, 1.013 25 bar) 
AS, = 40.668 x 10° J mol”! 
33K. 
Step II H,O(g, 1.013 25 bar) > H,O(g, 0.101 325 bar) 


= 109.03 J K! mor! 


AS, =R In I = (8314 K^ mol") x 2.308 x log earn 20 | 
p 


2 0.101 325 bar 
= 19.15 J K! тог! 
Total change in entropy is given by 
AS = AS, + AS; = 109.03 J KC! mol! + 19.15 J KË mol! 
= 28.18 J K mor! 


Calculate A.U, A.H and A,S for the process 


1 mole Н,0(1, 293 K, 101.325 kPa) 2 1 mol H,O(g, 523 K, 101.325 kPa) 
Given the following data: 


з _] -1 -1 
C, 01) = 75.312 J K! mol"; C, ,(g) = 35.982 J К” mol 
Ago H at 373 K, 101.325 kPa = 40.668 kJ mol" 


The changes in A, U, AH and A,S can be calculated following the reversible paths given 
below. 


Step I , 1 mole H;O(1, 293 K, 101.325 kPa) — 1 mole H;O(1, 373 К, 101.325 kPa) 
qp = АН = C, ml) AT = (75.312 JK mol) (80 K ) = 6 024.96 J mol! 
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A,S=C, In 2s (75.312 J K^! mol) x 2.303 x log ey 
s xe ч, 293K 
= 18.184 J K mot! 
AU 7 AH - p AV 7 A,H 
Step II 1 mole H,O(1, 373 K, 101.325 kPa) ә 1 mole H,O(g, 373 K, 101.325 kPa) 
d, = Aug H= 40.668 kJ mol”! 


-1 Б, | 
A s= 20666 mol 109,03 J K- mor! 
эк. 


MU = AH - p AV 


= 40 668 J mol! — (101.325 kPa) [aman КЫ Р) E 
pa a 273K 
= 40 668 J mol! – 3 103 J тог! 
| . 2315651 mol! 
Step III 1 mole Н,0 (g, 373 К, 101.325 kPa) +1 mole H,O(g, 523 K, 101.325 kPa) 


AH 7 C, (0) AT = (35.982 J K! mol) (150 K) = 5 3973 J mor ! 
AS = C, ug) In Z = (35.82 T KC! mot! x 2.303 x log 2 
l 373K 


= (35 982 JK! mol!) x 2.303 x 0.146 8 
= 12.164 J K! mol! 
AU = AH - R(AT) 
= 5 397.3 J mol! – (8314 J Kt тог!) (150 К) 
= 5 397.3 J mol! ~ 1 247.1 J mol! = 4 1502 J mol! 
Thus AU, = (6 024.96 + 37 565 + 4 150.2) J mol! = 47 740.16 J mol’ 


АҢ, уы) = (6 024.96 + 40 668 + 5 397.3 J mol! = 52 090.26 J mol”! 
AS = (18.184 + 109.03 + 12.164) J K! mol! = 139.378 J K тог! 


Example 4.22.3 10 g of ice is heated to become vapour at 373 K and 101.325 kPa. Calculate AS for the 
: system. Given that 
Аь,Н of ice at 273 K = 334.72 g 
АН of water 373 K = 2 25936 1g 
` Average specific heat capacity of liquid water = 4.184 J К! g! 
Solution The given transformation can be carried out by following the reversible paths given below. 


10 g water(s, 273 К, 101.325 kPa) — 10 g water (1, 273 K, 101.325 kPa) 

10 g water(1, 273 K, 101.325 kPa) > 10 g water (1, 373 K, 101.325 kPa) 

10 g water(1, 373 К, 101.325 kPa) 10 g water (g, 373 К, 101.325 kPa) 
The entropy changes per gram of water in these processes are 


_ 334.7252" 


AS, 
273K 


= 1.226 J g K! 


Ра) 


Ра) 


‘or the 
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| c, Т. 373K 
AS, = | —AT =C (Dln 2 = (4.184) K7! g” In| — 
ЧЕ: ping i ddp 
= 130581К Їр 
-l 
се 2 259.36 Jg = 6.0571 g^ к! 
373K 


Thus А, а/б of water = AS, + AS, + AS; = 8.588 J K` g^ 


AS for 10 g = 10 x 8.588 8 J K” = 85.888 J K! 


Entropy Change when Consider two solid bodies of the same material each containing one mole of a 


Two Solids at 
Different 
Temperatures are 
Brought Together 


substance. Let one be at higher temperature T, and the other at lower temperature 
s Let both of them be brought together. Heat will flow from the hotter body to 
the colder till the temperatures of both of them are the same. Let the equilibrium 
temperature be T, the value of which can be calculated as follows: 


Heat lost by hot body = Heat gained by cold body 


Comp ОС uc. 


T, + T, 
[= c 
or 5 
Consequently, entropy changes of two bodies аге 
T T 
A$,- [С dT -C, In 7 


т С Т 
m Pam = 20 
AS, = | Т dT-C,, In T. 


The total change in entropy is 
AStotal Z ASh T AS, 


| 2 
= Ср ТЕ =C, mln 8 
1, Т, | ТТ, 


2 2 2 
=C, ml GL I) E Йй li I GEM 
| AT, ) ^ AT 


11 
Q 


2 ГАИ, 
n EIR- 
4T, 


The quantity within brackets will always be greater than one. Hence, the 
logarithm of this quantity will always be greater than zero. Thus Л5, ау of this 
process is positive, indicating that it is an irreversible process. 


\ 


ПЕ! 
р. 
aH 
| 
2 
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Example 4.22.4 A 50 р mass of Cu at a temperature of 393 K is placed in contact with a 100 g mass of 
copper at a temperature of 303 К in a thermally insulated container. Calculate q and AS, 
for the reversible process. Use a value of 0.418 4 J g! KT for the specific heat capacity of 
Cu. 


Solution We have 50 g copper at 393 K and 100 g copper at 303 K. The temperature of the two 
bodies when they have come to thermal equilibrium can be calculated as follows. 


Heat gain = Heat loss 

myC(AT,) = mjC(AT) ie. mAT, = тАТ, 
Therefore 

(100 g) (T — 303 K) = (50 g) (393 К-Т) 

2T - 606 K = 393 K -T 

T-33K 


: T 
Thus AS = nC, mln — 
di i 


42 
- n (0.418 4 J g K^!) (63 g mol 5) x 2303 log | 33K Pla 
63g mol 393K 
=- 3.466 JK" 
T 
AS, = nC, m In T : 
100 
-|— | (04184 J g! КЗ g mol) x 2303 log | 333K 
63 g mol 303K 
= 3.951 I K 
and AS, = AS, + AS, = (3.951 – 3.466) JK! = 0.485 J KC! 
Example 4.22.5 5 g ice at 273 K is added to 30 g water at 323 K ina thermally insulated container. (a) What is 
the final temperature? (b) What is the total entropy change? Use the same physical constants 
of water as given in Example 4.22.3. | 
Solution | Heat required to convert 5 g of ice at 273 K to 5 g water at 273 K Thii 
= (5 g) (334.72 J g’) = 1 673.6 J 
Final temperature after mixing 
\ Heat gained by ice = Heat lost by hot water 
(5 р) (334.72 J g!) + (5 g) (4.184 J g! K) (T - 273 K) 
Ent 


= (30 g) (4.184 J K! g (323 K - T) 
| 673.6 J + (20.92 J) (T/K — 273) = (125.52 J) (323 - TK) 
Solving for Т, we get 
Т = 30443 K 
Entropy changes. 
C, m(1) = (4.184 Jg ! К^!) (18g mol) = 75.312 J K тог! 


\ 


Third Law Entropy 


Entropy of a Solid 
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АН 
А8, = rm * nC, (1) № 
m 


ed Sg 


КОС 304.43 K 
= г | (75.312 J K! mol) x 2.303 x log | ——— 
273 K | "Um 


18g mol 3K 


= 6.1307 К! + 2.2807 К! = 8.410 1K” 


Т, 
А$ water = nC, m (1) In T 
1 
30g 
-| 7) asak mol!) x 2.303 log |20443 К 
18 ¢ mo 323K 
ламкі 
АЅ а= ASige + А5. = (8410 — 7.434) JK" 
= 0.916 1K" 


4.23 THE THIRD LAW OF THERMODYNAMICS 


Planck’s Statement Let one mole of a solid at a constant pressure be heated from 0 К to some temperature 


T below its melting point, Le. 
‘Solid (0 K, р) > Solid (T, p) 
According to Eq. (4.16.8), the entropy change in the above process is given by 


De 
AS 5-5 | 7 dT 


T C з 
"E | ыл, (4.23.1) 
oK T 
Now since the entropy function increases with increase in temperature, it may be 
expected that it has a minimum value at 0 K. In 1913, Max Planck suggested that 
this minimum entropy may be assigned a zero value for a pure perfectly crystalline 
substance. This suggestion is known as the third law of thermodynamics. 


With this, Eq. (4.23.1) reduces to 


T С, 
p= | A dT 
T Jox T 
where $т is called the third law entropy or simply the entropy at temperature T and 
pressure p. If the latter has a value of 1 bar then $7 becomes the standard entropy $7. 


To evaluate the value of S7 for a solid, the heat capacity of the solid should be 
known over the range of temperature from absolute zero to the temperature of 
interest. Ordinarily, measurements of heat capacity of solid have been made up to 
a lower temperature that lies in the range of 10 to 15 K. Below this temperature, 
the heat capacity of the solid is determined from the Debye T-cubed law given as 


Carat (4.23.3) 
where a is constant whose value is determined from the value of C, m (or Cy m since 


Cp, m and Cy m are indistinguishable at these temperatures) at some low temperature. 


(4.23.2) 
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| Trin C TC Таш C T 
Sp = | Ёт arf —* dT = | сз dT ‚| @ ШЕ 
Tei 0 


0K T mi K Топ "e (Т/ К) 
* (Tun C m T 
5 | Рп aT + 2303 | C, m dlog (T/K) (4.23.4) 
ок Т їй 


where Туп is the minimum temperature up to which the value of heat capacity of 
the solid is available. The first integral is evaluated using the Debye 7-cubed law 
while the second one is usually evaluated following the graphical method where 
either C, mT versus T or Cp, m versus log (T/K) is plotted (Figs. 4.23.1 and 4.23.2). 
The area urtder either of these curves gives the value of the integral. 


Fig. 4.23.1 Schematic plot & 
of C, „/T versus T 


Cp, m ——- 


Е 
А, 
U 


Fig. 4.23.2 Schematic plot 
of C, ,, Versus log (T/K) 


1 2 3. 
log (TK) ——> 


Entropy of a Liquid The third law entropy for a liquid at temperature T can be determined by following 
| the steps given below. 
(1) Heat the solid substance from 0 K to its melting point T 
(2) Transfrom the substance from solid to liquid at its melting point Т 
(3) Heat the liquid from T, to the required temperature T. 
The addition of entropy changes in the above three processes gives the third 
law entropy of the liquid at temperature Т. Thus 


Tn С, m(8) TC all 
D wea gr Matin [ ee ar (4.23.5) 
Т 


\ к Т т т 


Entropy ofa Gas Similarly, for a gas above its boiling point, the third law entropy is given as 


Та C, an (S «C s cs Need, tt Cad 
Sr 3i Cp) ypy абы ‚| pnt dT 4 —— ‚| Coat dT 
0K T T, Ty 


T, 


m m 


(4.23.6) 
Figure 4.23 depicts the entropy variation as governed by Eq. (4.23.6) 


\ 


lowing 


the third 


4 


(423.5) 


n as 


(8) ат 


(4.23.6) 
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Fig. 4.23.3 Variation of 
entropy of a substance 
with temperature 


T — 


If the solid under study undergoes any transition from one crystalline from to 
another, the entropy of transition 


А5 = Ex (423.7) 


should also be added in the above entropy expressions. 


Example 4.23.1 Calculate the third law entropy of a substance at 350 K using the following data. 
p ) i 
(i) Heat capacity of solid from 0 K to normal melting point 200 K 
тту arl 
Cy, m(S) = [0.035 (T/K) + 0401 2 (TK)]JK mol 
(ii) Enthalpy of fusion = 7.5 kJ mol 
(iii) Heat capacity of liquid from 200 K to normal boiling point 300 K 
: TS 
Cp, m(1) = [60 + 0.016 (Т/К)] ЈК mol 
(iv) Enthalpy of vaporization = 30 kJ mol! 
(v) Heat capacity of gas from 300 K to 350 K at 1 atm 
-1 at 
Cy, (8) = 50.0) K mol 


Solution Entropy changes for the given five steps are as follows. 


Ta C 
(i) AS, = | Can) ap 


к T 


200K 2 
Q35T /K) + 0.0012 (T/K 
ASI KC! sr - | санаса DEUS GN 
0 


0.0012 з 
= 0035 (200 - 0) + = (2007—07) 


-70424231.0 


АН _ 7.5X10° 
T 200 


m 


I C, m(l) 
(iii) л, | —B dT 


(ii) AS, = JK! mol! = 37.5 J K! mol! 
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300K 69 + 0,016 (T/K 
AS TKCI not! = | SOUU 


200K T 


- 60 In 200. 0.016 (300 - 200 
= 60 in zgo ^ 0:016 (300 — 200) 


= 24.33 + 1.60 = 25.93 


ДН 30х10 


(iv) А5, T, 38 J K mot! = 100 J K“ mol 
TC 
(v) ass= | Сл (8) ү 
n T 
. 350K 
50.0 350. 
-l ог! = | ——4Т=(50.0)0—— = 
AS; / T K^ mol | (50.0) р c n 
i 300K 


Thus, the third law entropy of the substance at 350 K is 
Sp= AS, ASAS ФАЗ АҘ. ! 
= (31.0 + 37.5 + 25.93 + 100 + 7.71) J K mor! 
= 202.14 TK ! mot! | 
4.24 ENTROPY OF REACTION AND ITS TEMPERATURE AND PRESSURE DEPENDENCE 


Expression of Entropy Consider a general reaction 
of Reaction 0= YwB 
В 


О! 


The amount of species with the progress of reaction is given by expression R 


ng (tg) + вё 


where (пр) is the amount of species В in the beginning of the reaction and ир is 
the corresponding amount when the reaction has proceeded to the extent С. 
For an infinitesimal change in extent of reaction, the change in the amount of 
species B is 
dng = Vg dé 


\ The corresponding entropy change of the reaction is 


dS = 15,8) dng = È Sy(B) (vp dà 


By definition, entropy of reaction is given as 


as 
A S= E = 25 Vg S,(B) (4.24.1) 
06 Тур 


that is, entropy change of a reaction is the rate of change of entropy with extent 
of reaction. It is equal to the entropy change per unit extent of reaction. The unit 
of A, Sis J K! mot", | 


\ 


ЕМСЕ 


'ssion 


nd np is 
E 


1ount of 


э 
& 


(4.24.1) 


ih extent 
The unit 


Computation of 
Entropy of Reaction 


Effect of Temperature 
on Entropy of 
Reaction 
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From Eq. (4.24.1), it follows that the standard entropy of reaction is computed 
from the tabulated data in much the same ways as the standard change in enthalpy. 
However, there is one important difference—the standard entropy of element in 
its stable state of aggregation at 1 bar at 25 °C is not assigned a conventional 
value of zero, but is determined through the third law of thermodynamics. As an 
example, in the reaction 


Fe,0,(s) + 3H,(g) > 2 Fe(s) +. ЗН,0(1) 
the standard entropy change is given by 

A S°= 2 Vp S (В) 
les c 8 =) rouge eo 
Since S? ogus = 255, (Fe, s) + 35° (90, 1) 
and — Sveactants 7 S m (Fe 03, 8) + 355. (Eb, р) 
therefore A.S° = [25° (Fe, s) + 35° (Н,0, 1)] - [5° (Ее,03, 5) + 35° (E, g)] 


о 
reactants 


The table of standard entropies (Appendix I) gives | 
A, S° = (227.28) + 3 (69.91) – 87.40 – 3 (130.68) J KT mor! 
=~ 215.15 J K? mol™ 


The entropy of reaction is more if there is a change in the value of Av, (the 
change in the stoichiometric number of gaseous species), since entropy of gases 
is much larger than the entropy of condensed phases. 


The change in the value of A,5? for a reaction with temperature can be computed 
as follows: 


Since A,S°= Y, vp ST (В) 
B 


0(A,S° д5 (B 
therefore | Ur ) D m(B) 
OF ULT oT : 


С „(В) АС 
-Yw һп(В) AC, (4.242) 
з т f 
"C | 
Thus — d(A,$?)- "ur oe (p constant) 


Integrating this within the limits Ty and T, we obtain 


о о TA. р 
or Л$?-А = | 7 aT (4.24.3) 
0 
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In order to carry out the above integration we need the temperature Sene 
of A,C,. Two cases may be considered as given below. 


A.C, independent of temperature In this case, we have 


Т 
A,Sp-A,S5, = A.C, In B (4.24.4) 
0 | 
А.С, dependent on temperature As usual, the variation of C, with temperature 
may е expressed as 
C,=atbT+cT + 
where a, b, c, ... are constants. Thus, the variation of A,C, with temperature is 
given by 
A.C, = (Asa) + (A,b) T+ (A,c) T? + 
Substituting this in Eq. (4.24.3), we get 


| да 
A.Sp-A МЕ: t Ab (AOT +H Jar 
prd, r^ To А Т ( ) 

which on integration gives 


Т 
А,$%- А,$%, = A,a In р 


А 
ЕЕ: gs 
0 | 


Example 4.24.1 Calculate A SSagx for the reaction 


~ Ni(@)+ Ода) > МОДЕ) 
Given: At 298 K, the standard entropies are 
5° (N, g) = 191.617 К! mot; — $°(0,, в) = 161.06 JK тог! 
S°(NOs, р) = 240.06 J K mol”! 
and heat capacities are 
C(N, р) = 29.13 IK mol!; СО), g) = 29.36 J K mol! 
| СМО), g) = 37.20 J K! mol" 
Solution v We have 


» | 
9% = S*(NO,, р) - 5 $°(М›, g) - $'(O», р) 
= (2006-7 x 191.61- 161.06) JK? molt! = – 16.805 J K! mor! 
| 
С, (№, g) E Ch, m(No, g) g С, п(О;, g) 


= (2720 = > х 29.13- э) JK! mot! 26725 J K! mot! 


\ 


їйепсе | Substituting the above data in the expression 
2 T 
AS? = AST + A.C, In n 
we get АЛ, = 16.805 + (6.725) 2 JKT mor! 
1.24.4) 298 
=~ 17.85 J K! mor! 
erature 
Example 4.24.2 Calculate A, 55, = for the reaction 
1 | 
ture is. (003 Nile) + Og) э №8) 
Given: At 298 K, the standard entropies are 
590%, в) = 191.61 JK mo 5° (O3, g) = 161.06 J K mot" 
S° (NO), g) = 240.06 J K mol”! 
and heat capacities are 
С, gJ/T K^ mol = 28.46 + 2.26 x 10? (T/K) 
C,(O», g)/J K! mot! = 26.85 + 8.49 x 10° (T/K) 
| СО, g)/] K mol! = 27.78 + 30.85 x 10? (T/K) 
124,5) Solution For the given reaction 
о о o | о о 
А.5овк = D VBS mB) = $5,(NO;) E S mN?) - 800) 
- 24006 -5 191.61- 161.06) JKT mot! = – 16.81 J K! mor! 
Representing C, = а + bT, we have 
AC, = Aya + (A,b)T 
= {2778 ux 28.46 - 2685) «ss = ; x 2.26 EL) 
d x10? in) JKT mor" 
` = [-13.30 + 2123 x 10° (T/K)] J K mot! 
Substituting this expression in the equation 
T TAC 
| d(A,5*) = | —P dr 
-] Т T T 
nol 
Т 1330, 21. p 
weget — AST - Д,59 = | -——dT+ at J K mot! 
n T K 
Т 2123x10? 
= | -13.30 n — + (T -7,)| J K! mot! 
| | B ш. ] = 


\ 
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Substituting T = 348 K and Т, = 298 K along with А, 5; к = —16.81 J K^! mol, we get 


A S ees E -1330 In Satao ge- [rc mol”! 


= (-16.81 – 2.06 + 1.06) J K^ mor! 
= -17.81 JK mol" 


Effect of Pressure оп Sine A,S= È Vp 5 (B) 
Entropy of Reaction ТҮ; Soy 
| therefore | —— | =) iv, 
op } B dp В 


From Eq. (4.15.14), we get 


oj, (97), 


Substituting this in the previous expression, we get 


XAS)) — (Зв) (AV) | 
CUBES MEC 


Since the variation in volume with temperature for condensed systems is 
usually very small, we include only gaseous constituents in the differential 
(dA V/0T). Assuming deal behaviour for gaseous constituents, we have 


AV = È WV в = Evn (RT/p) 2( X vg (RTI) = (Лу, ) RTI 
di E" bo »)! DEUM 


д(А 5) д(А,У) R 
Hence ЕД = TS | = AES | (4.24.7) 


where Av, = 2s (В) = XV, (product) – У v, (reactant) | 
g | 


The integrated form of Eq. (4.24.7) is 


В Р) 
Ар, - Ар = - Лу R In . (4.24.8) 
From Eq. (4.24.7) or (4.24.8), it follows that AS of a reaction increases with 
\ increase in pressure if Av, is negative and it decreases if Av, is positive. 
Example 4.24.3 Calculate A, S for the reaction 
~ Ny(@)+ Oy) 9 МО Абак == 1681 KC mar! 


at 5 bar pressure and 298 K. 
Solution Substituting the given date in the expression 


@ р 
A Sp - А,5р =~ (Av) R In 


Sta! 
Tos 


Mici 
Ass 
Сой 


424.6) 


tems is 
srential 


424.1) 


4248) 


‘es with 
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we get 
| (eee 
ALS, = |-1681-| -— 1(8.314) In| - || JK mol 
2 2 l 


= (-16.81 + 6.69) J K тог! 
| =-10.12 J K! тог! 


4.25 ENTROPY AND PROBABILITY 


Introduction 
to Statistical 
Thermodynamics 


Statistical Model of 
Tossing a Coin 


Microstates 
Associated with the 
Coin Tossed Twice 


A thermodynamic system is a macro system consisting of a large number of 
molecules. In establishing the various thermodynamic functions, the structural 
model of the system is nowhere required. In fact, all thermodynamic properties 
of a system can be derived without knowing whether the system is composed of 
atoms or molecules and how these are moving or interacting with one another. It 
is possible to develop a subject known as statistical thermodynamics where the 
properties of a system can be studied by treating the molecules on a statistical 
formalism. Such a study has shown that there exists a relationship between the 
entropy of the system and its probability. In establishing this relationship, we are 
not concerned with the motion of the particles but only with the number of ways 
of distributing the particles in the given energy levels or in a given volume. The 
various distributions are known as the various complexions or the microscopic 
states of the system. 


The essential results of the statistical analysis can be easily obtained by considering 
simple, convenient mathematical models. For example, the number of ways of 
distributing the molecules in a given volume can be replaced by a model of 
distributing the given number of balls (equal to the number of molecules) in a 
given number of boxes. The latter may be assumed to be proportional to the given 
volume. Before considering this, we take another example of tossing a well-balanced 
coin repeatedly. We build the model step by step as given below. 


Since the coin is well-balanced and is being played by an unbiased person, it is 
obvious that the outcome of the second toss is in no way related to the outcome 
of the first toss, i.e. the first toss can have no effect on the outcome of the second 
toss. If the first toss is head, the outcome of the second toss can be either head or 
tail and if the first toss is tail, the outcome of the second toss can again be either 
head or tail. This is predicted as follows: 


First Second Nature of - . Nature and 
toss toss combination number of microstates 
adonde ОРО H (i) 2H and OT; HH; one 
ud н 
ee icine ШНА т "- 
THI 


""——— дэннен LH 
E 
СУРЕ {УУ E ТТ (ш) 0H and 2T, TT; one 
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We may regard all four results as equally probable. Each of these results is 
considered to be a distinct microstate. There are only three configurations which 
reflect the total number of heads and tails, irrespective of the order in which they 
are obtained. These are | 


М 
2 H, 1 H and 1 T, and 2 T А‹ 
It can be seen that the number of microstates associated with each of these C 
configurations are one, two and one, respectively. Thus, it follows that the 1H and 
IT possibility is twice as likely to materialize as either of the other two 
configurations, that is 2H and OT and ОН and 2T. 
Microstates Asso- Тһе results of the analysis are: - 
ciated with the Coin — — ——— 
Tossed Four Times ‘ist Second Third Fourth Nature of Nature and | 
m | toss toss toss toss combination number of microstates 
pasate He HA | 
Өе {ене | i) 4H and OT; HHH H; one 
5 | à < TT T ТҮҮ H H H T ( ) 
О енн perese HHTH (i)3HandiT; HHHT 
H ТОТО Н жаксан Т < - H H T H four ' 
TT T ecesHHTT HTHH 
THHH | 
d gioni Нея HTHH (iti) 2H апа 27; HHTT 
Н PRIM T Na ess iov ve H H T H T 
ЖАЗЫЛЫ T eeOHTHT THHT | | 
КОО Hee AT TH . HTTH SIX . 
Hé Т T 4 THT H 
TT Т. eessHTTT TTHH 
көө Н-Т Н Н Н 
Т ТОГ Н РР Н 
< T— Т. TEE T H H T 
i { өөө Ш THTH (iv) IHand3T; HTTT 
ereere H ТИТО Т 
Мм Tee THTT ae four Fig. 
АЕ? — " е H TD TTHH TTTH vers 
КТО ТТТ НТ Пи 
valu 


нег 


\ It can be seen from this analysis that the uniform distribution of 2H and 2T is 
larger than any of the nonuniform distribution-of 4H and OT, 3H and 1T, 1H and 
3T, and 0H and 4T. Thus out of all these configurations, the | : 1 mixture of heads 
and tails is the predominant configuration. 


Definition of A-ratios We can measure all other configurations relative to the predominant configuration, 
by defining the ratio-term (4) as given below. 


| 1 Number of microstates associated with configuration X 
X жа c LCS EE щати 


Number of microstates associated with 1:1 mixture 


эй Wee 

ye Ra 
A SRS ET ETL TTS rset aoa perci tid ex = 
БЕЙИ Sei rp rr ee chess CRS pecie hi ce Cont ule DX ————M— 

"E -- -—- E tx e RE uu ooo Fei ж. лане eet te 

е ia га 7 ARRE 5 : ; f : 
VU URP nem DRM tage ane Be : < 

! 


states 


SIX 


+) four 


gne 


d 2T is 


1H and 


f heads 


uration, 


Microstates 
Associated with the 
Coin Tossed N Times 


Fig. 4.25.1 Plots of A-ratio 


versus configuration index 
number for increasing 
value of N 
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The A-ratios in the above case are 


А, Ау An A Ay 
0.166 0.666 1000 0666 0.66 


In a similar way, we can analyse the results of playing the coin many times. 


The number of microstates (W) associated with each of the (N + 1) possible 
configurations can be calculated using the formula - 


Em | (4.25.1) 


where N is the number of times the coin is played and H and T are the respective 
number of heads and tails in a particular configuration. Knowing W, we can 
easily calculate the A-ratio, relative to the predominant (1 : 1) configuration. If 
smooth curves are drawn through the A-ratios plotted against the corresponding 


configuration index number H/N for increasing value of N, we get graphs as shown 
in Fig. 4.25.1. 


0.2 04 06 08 10 
Configuration index number, H/N ——» 


It can be seen from the graph that as N increases the larger proportion of microstates 
are associated with the small set of configurations having H/N values falling in the 
range of 0.45 to 0.55. If N is extremely large, then it becomes highly probable that 
no actual set of N tosses will yield configurations having H/N appreciably different 
from 0.5. In other words, the probability of getting a uniform distribution if the 
coin is played unbiased becomes maximum whereas the probability of getting a 
nonuniform distribution becomes vanishingly lower. The same kind of analysis is 
applicable to other statistical analysis. Thus we conclude: 


Out of the very large number of microstates that can be assumed by any large 
assembly, majority of them arise from one comparatively small set of configurations 
centred around, and very similar to the predominant configuration. 


\ 
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Relationship between The macroscopic properties of a system depend upon the various microscopic 


Entropy and states of the system. The fact that (i) majority of microstates of a system arise 
Maximum Number of from the one comparatively small set of configurations centered around and very 
Microstates similar to the predominant configuration and that (ii) the methods used ior the 


determination of a macroscopic property of a system are not very. sensitive to 
distinguish one predominant configuration from another, result in a constant value 
of the macroscopic property. If the value of macroscopic properties do not change 
with time, we say that the system is in an equilibrium state. Thus, according to 
the statistical mechanics an equilibrium state is characterized by the predominant 
configurations which are associated with a maximum number of microstates. The 
classical thermodynamics tells us that if the system is at equilibrium then its entropy 
attains a maximum value. Consequently, it 15 logical to argue that there must exist 
some relationship which links the entropy maximum with the maximum number 
of microstates. Such a relationship can be derived if we assume that entropy S is 
a function of W only, i.e. 5 = f(W), where W represents the maximum number of 
microstates:that are associated with the predominant configuration. 


Consider two separate samples A and B of the same material each in its 
equilibrium state at a given temperature and pressure. Thus, we have 


Sa =) and Sg = fp) | 
Let us unite the above two samples to form a single system AB. For this system we: 
will have 


Sap = Ав) 
Since entropy 15 an extensive quantity, it 15 obvious that 
Sap = SA + Sp 


which when expressed in terms of their functions becomes 


SWap) = LW) + (Wp) 

Here Wap is related in very simple way to W, and Wp since any microstate of 
subsystem A can combine with any microstate of subsystem B to constitute a 
distinct microstate of the system AB. Take, for example, the case of a coin which 
is being played twice, so that the total number of microstates are four. If now the 
same coin is played twice again then the four old microstates can combine with any 
of the four new microstates, giving rise to a total of sixteen different microstates. 
Therefore, it follows that 


Wap = W, X We 
Consequently, 


FA x Wy) = f(W,) + fp) 


| E | The above relation will hold good provided the function fis a logarithmic function. 


FEE Or $- k In (V) (4.25.2) 


c — tenon near туа E o O S дүр е чүнү. ачаа ==- 


i 
| 

| 

| a | | 
| n : where k is a constant of proportionality and has been identified with the Boltzmann's 

| | constant (R/N,). 
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(4.25.2) 
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Second Law of Thermodynamics 233 


Entropy Expression Let us now apply the relation to calculate the change in entropy of a gaseous system 


for Volume Change 


when its volume changes from V} to V at constant temperature. As mentioned 


in a Gaseous System earlier, this problem can be replaced by a mathematical model in which various 


balls are being distributed ovet a given number of boxes. The former is equal to 
the number of molecules and the latter is assumed to be proportional to the volume 
of the system. 

The number of ways of distributing the given number of balls in different boxes 
can be calculated as the follows. 

We start with a small number of balls and the results of such analysis can be 
extended to larger number of balls. Let three balls be distributed in N different 
boxes. There will be N choices for placing the first ball since it can be placed 
in:any of the boxes. Choices for the second ball will be N — 1 since it has to be 
placed in the N – 1 remaining boxes; and N ~ 2 choices for the third ball. Thus, 
the total possible arrangements are equal to M(N — 1) (N — 2). Since we cannot 
distinguish various balls, therefore, many of the arrangements which differ only 
in the permutation of various balls between the boxes will give rise to only one 
arrangement. For example, if we have to distribute three balls in three boxes, x, y 


and z out N boxes then we can place them in the following six different ways 
(total of 3!). 


Number of Position of balls 
arrangement First Second Third 

I x | y 2 

П X 2 y 

Ш y X 

IV y 2 x 

V РА ў y 

VI Z y 


If we cannot distinguish the balls, all of these distributions will be identical 
and give rise to one arrangement. Thus, due to the indistinguishability condition 
of the balls, many of the possible arrangements are being counted many times and 
hence in order to get different distinguishable arrangements, we have to divide the 
total possible arrangements by a factor 3!. Thus, we have 


_ NN -AXN -2) 
Д 3! 


If we have to distribute №, balls to № different boxes, then the above expression 
generalises to 


W 


i Re A TE 


_ N(N -JXN -2)...(N - N, +1) (N - N,)! 
N,! (N -N,)! 
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W = Er c» 425.4)! 
7 0 MIN-N)I Е (123: 
If N is much larger than N,, Eq. (4.25.3) can be approximated to 
(ny 
= —— 4.25.5 

N! у ( 
and the entropy of the system will be given by 

S=kin W=kln N^ — k 1n (N,!) p (4.25.6) 


The change in entropy in changing the number of boxes from N to N’ can be easily 
calculated by using above equation. For N boxes. 


S=kn (М) - Еа (М). (4.25.7) 
while for М boxes | 

$'- kin (N' М) k In (М/) | (4.25.8) 
Hence AS=S'-S=N,k In dj (425.9) 


Since the number of boxes are proportional to the volume of the system we 
have N’/N = V'/V. Therefore, the change in entropy in changing the volume of 
the gas from V to V" is given by 


AS=N,kln 2) for N, molecules 
AS=kln 2) for one molecules 


AS = К In 2) for one mole of molecules (4.25.10) 


Equation (4.25.10) is identical to the expression obtained earlier for the change in 
entropy in the isothermal expansion of 1 mole of an ideal gas from volume V to 
. V" (Eq. 4.16.4). 


Derivation of Third Now let us see how the relation $ = k In W helps understanding the third law of 
Law of* themrodynamics and the concept of residual entropy. The third law is applicable 
Thermodynamics only to those substances which attain a completely ordered configuration at the 
absoluté zero of temperature. In a pure crystal, for example, the atoms are located 
in an exact pattern of lattice sites. The number of different ways for arranging N 
atoms in N different lattice are N!. Since the atoms cannot be distinguished from 
one another, the different arrangements will differ only in the order of choosing 
Hi the atoms. and thus they are all indistinguishable. Thus 


d PC 'Note that Eqs. (4.25.1) and (4.25.4) are identical where N, = H and N - №, = T. 
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Explanation of 
Residual Entropy 


M 


Second Law of Thermodynamics 235 


та | (4.25.11) 
and 5= (0) =0 


| | (4.25.12) 
This is the third law оў thermodynamics. 


If we have to arrange different kinds of atoms a and b on the sites of the crystals, 
the number of complexions will be given by _ 
N! 
peu 
ГАТА 


(4.25.13) 


where N is the total number of sites equal to (N, + N,), and N, and N, are the 
numbers of atoms of a and b, respectively. Thus, the entropy of the mixed crystal 
which is given the name residual entropy is given by 


М! 
Sresidual = K In | 


ЕМ is very large, the evaluation of the above equation can be done, by using 
Stirling approximation 


(4.25.14) 


in Ni - NinN-N (4.25.15) 


Thus, Eq. (4.25.14) reduces to 
S=k((N In N - N) - (№, In N, — N,) - (N, In N, №)] 
Since № = N, + M, this becomes 
S=—k[N, In M, tN, In NM, - N In N] 
Writing in terms of mole fractions, we have 
S=- k [N, In N, + N, In N, - (М, + М) In N] 
= — КМ, (In N, - In N) + N, (In № - In N)] 
N N 
--Nk eua 
N N N N 
-Nk(x,lnx,* x nx) (4.25.16) 


Since the terms in parentheses are negative (the logarithm of a fraction is 
negative), the entropy of the mixed crystal is positive. If we imagine the mixed 


crystal to be formed from a pure crystal a and a pure crystal b, then for the mixing 
process 


pure a + pure b > mixed crystal 
the entropy change is 


А$ ых = S(mixed crystal) – S(pure a) – S(pure b) 


\ 
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Examples of 
Residual Entropy 


Since the entropy of the pure crystal is zero, therefore 


AS mix ^ — N k [x, In x, + x, In xy] (4.25.17) 


There are many crystals which do not follow the third law of thermodynamics. 
These include carbon monoxide crystals, nitric oxide crystals, crystalline ice, 
crystalline dihydrogen, etc. These substances are pure from the chemical standpoint 
but do not fulfil the requirement of perfectly ordered arrangement at the absolute 
zero of temperature. 


In CO, perfect arrangement will be one in which all carbons are pointing in one 
direction and all oxygen in another directions, for Samples 


со CO СО СО 
CO СО. СО CO- 
le f | * 

In actual crystals, the two ends of the molecules are oriented randomly and 
the crystal beliaves as if it were formed out of two different types of molecules of 
carbon monoxide CO and OC. The consequence of this is that the crystals of CO 
have the residual entropy which, in principle, can be calculated using Eq. (4.25.16), 
provided we know the number of the molecules having these two different 
orientations. 


In case of nitric oxide we not only have random arrangements of the аа 
but also the dimerization of molecules. 

In ice, we have random arrangement of hydrogen bonding of water molecules 
in the crystal. 

In case of dihydrogen, because of the total nuclear spin angular momentum, the 
rotational energy of ortho-dihydrogen at low temperatures does not approach zero 
as does that of para-dihydrogen, but achieves a finite value. Ortho-dihydorgen can 
be in any of nine states, all having the same energy, while para-dihydrogen exists 
in a single state. Because of this randomness, dihydrogen has a residual entropy. 


4.26 MISCELLANEOUS NUMERICALS 


Solution 


1. (i) One mole of an ideal monatomic gas at 298 К, occupying a volume of 3 dm? is 
expanded adiabatically and reversibly to a pressure of 101.325 kPa. It is then compressed 
isothermally reversibly at a new temperature until the volume is again 3 dm’. Calculate 
q, w, AU, AH and AS. | 
(ii) The same gas in the same initial state is expanded isothermally reversibly to a 
pressure of 101.325 kPa. It is then compressed adiabatically and reversibly until the 
volume is again 3 dm?. Calculate q, w, AU, AH and AS. 

(1) The two processes along with the given data are 


n= | mol n= 1 mol n=1 mol 
adiabatic isothermal 
| Т=298К reversible h B reversible T T 
у= 3 т ехрапѕіоп yz? compression . V, = 3 dm? 
p=? p; = 101.325 kPa 


For calculating the changes.in the given quantities, we will have to calculate рү, V» 
and T». These can be calculated as follows. 
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For ру, we employ the ideal gas equations 


_ nRT _ (11001) 8.3143 K” mol ^) (298 K) 825.857 kP 
ny (3 dm?) БЫ 


For T), we write the expression 
T; p," m= T; p, Cp m 
as applicable to an adiabatic reversible change. Thus 
RIC) m 101.395 ins RIGI2)R 
T,=7,/2) шой лее 
Beh ч 825.857 kPa 


= (298 К) (0.122 7^ = 128.7 K 
For V», we again employ the ideal gas equation 


f 


СЕ nRT, (1 mol) (8.314 kPa dm’ K™ mol") (128.7 K) 
2 p (101.325 kPa) 


Now we proceed to calculate the changes for the two processes. 


= 10.56 dh? 


Process 1 Adiabatic reversible expansion For this process 
q=0 
AU=qtw=w 

and AU = nCy m (T; - T) 


3 
- (1 mol) О K^ wn) (128.7 K - 298 K) 


--21113J 
w-AU--211013J 
AH = AU + MpV) = AU + nR(AT) 
= -2 1113 J + (1 mol) (8314 J K” mol) (- 169.3 K) 
=-2 111.3 J- 1 407.56 J =- 3 518.86 J 
AS = 0 since expansion is adiabatic and reversible. 
Process 2 Isothermal reversible compression For this process 
AT -0 
AU = 0 
and TE 


2 


| 3 dm? 
= (1mol) (8314 J K! mol”) (128.7 K) x 2303 log | ———~ 
(1mol) ( )( ) |) 


=~ 13468] 
АН = AU + A(pV) = AU + nR(AT) =0+0=0 


AS-nR In n 
y 


5 dm? 
= (1mol) (8.314 J K mol!) x 2.303 0 
adi cr] 
--1046JK 
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Total changes in the required quantities are 
-q =0.— 1346.8 J = — 1 346.8 J 
=— 2111.3 J + 1346.8 J =- 764.5 J 
AU=-2111.3J+0=-21113J 
AH =—3 518.86 + 0 =- 3 518.86 J 
AS = 0- 10.46 J К = ~ 10467 K! 


(i) The two processes with the given data are 


n = 1 mol п = 1 mol | n = | mol 
isothermal adiabatic 
= 298 К reversible E T, reversible T=? 
Vi =3 dm? expansion № =? compression V, = 3 dm? 
por ` pai p, = 101.325 kPa 
Calculation of р, V, and T3: 
| RT (1 mol) (8.314 kPa dm K^ mol )(298K 
ке (mo) @3М kPa dr? K! пог!) 98K) = $25.86 kPa А 
7 dm?) | 
RT, (1 mol) ($314 kPa dm? K^ mol!) (298 K 
QE з UE CONDE 
D (101.325 kPa) 
For an adiabatic reversible change 
T, Vj Vm = T, Vj CV m 
y (олаѕа V 
т 7;=1,]—2 = 098К)| ZŒ | = 1206.0K 
V 3dm 
Process l Isothermal reversible expansion For this process 
AT=0 
AU=0 
Ё, 
and q--w-nRTln — 
4 
3 
= (1 mol) (8.314 J K! тог!) (298 K) x 2.303 log as a | 
= 5 198.9 J 
AH = AU + A(pV) = AU* RAT) = 0 
V, 2445 dm? 
AS = nR n = (1 mol) (8.314 J KT mol) x 2.303 log ; 
\ 3dm 
=]17.45 J K! "E TNAM 
T 298K | 
Process 2 Adiabatic reversible compression For this process 
q-0 Solu 
AU=qtw=w 


But — AU=nCy n (T; - T) 
-ü | mo) [5 x8314J K! mol” IL 206.6 K — 298 K) 


-11331J 


\ 
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w= А = 11331 J 
AH = AU + nR(AT) - 
= 11 331 J + (1 mol) (8.314 J K^! mot) (908.6 K) 
= 18 885 J (2 C, m (T3 - D) 
x | s: 
Total changes in the required quantities are 
q751989]-0-51989] 


б w--51989 + 11 331 J=6 23.17 
AU 20 +11 3317Ј= 11 3317 
im? | . AH=0+ 18 885 J = 18 885 J 
- | a А$=17451К 1 +.0= 17.45 JKC 
© 1  Oneinole of helium is mixed with 2 mol of neon, both at the same temperature and pressure. 
Calculate AS for this process if the total volume remains constant. 
Solution | Both the gases before mixing are at the same temperature and pressure. Since the amount 
| of neon is twice as that of helium. It is obvious that 
Vue =2 Vite E 
Now the volume of the gas after mixing will be 
Via = Vite + Vye = Vite + 2 Vite = 3 Vg, 
Each of the two gases will suffer entropy changes due to the volume change. Thus 
| 7 
ASye = nk In Y = (1 mol) (8.314 J K! mot!) x 2.303 log 
l He 
=9.136 JK" 
А -1 -1 3 Vite 
AS. = AR In — = (2 mol) (8.314 TK mof ) x 2.303 log | —* 
A 2 Vie 
= 6.743 IK! 
Thus AS mix © Ashe + ASNe 
= 9.136 J K! + 6.743 TK" 
= 15.897 J K! 
3. Without doing explicit calculations, predict the signs of Ap, AV, AT, AU, AH and AS for 
: one mole of an ideal gas taken through each of the following four steps of a Carnot cycle. 
Assume C, and Су constants. 
` Step (a) : Isothermal reversible expansion рь Vy, Ty > pj, Vo, 1 
Step (b) : Adiabatic reversible expansion — p» V, T > py, V4, Т, 
Step (c) : Isothermal reversible compression Dy, V3, Ty > рь V4, Т, 
Step (d) : Adiabatic reversible compression рь Va T, > py, Vi 1 
Solution The changes in the given quantities in the above four processes are listed below. 
Step (а): 
AV = tve as expansion takes place. 
AT = 0 as the process 1s isothermal. | 
Ap = -ve as increase in volume at constant temperature will be attended 
to by decrease of pressure (Boyle’s law). 
AU =0 since for an ideal gas U = f(T) and AT = 0. 


4 
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AH =0 since AH = AU + A(pV) and AU = 0 and A(pV) = ART) = 0. 
AS = tve since AS = nR In (V>/V;) and V, > V, 


Step (b): Here we will have 


AV = +ve as expansion takes place. 

AS = 0 as the adiabatic process is reversible. 

AU = -ve ` since AU = w and w is negative (expansion process). 
AT = ~ve | since AU = Cy (AT) 

AH = ~ve since AH = AU + A(pV) = AU + RAT. 


both AU and AT are negative. 
Ap =-ve 


Step (c): Here the sings of various quantities will be just opposite to those listed in step (a). - 
Step (d): Here the sings of various quantities will be just opposite to those listed in step (b). - 


4. Sketch diagrams for the reversible Cannot cycle of an ideal gas with constant C, and Cy; p | 
versus 5; U versus p; T versus p; H versus p; V versus T. m Versus V, V versus U; V versus 
Н, U versus Н; U versus T; H versus T; T versus S; U versus S and H versus S. 
Solution The required graphs are shown in Fig. 4.26.1. 


Fig. 426.1(i)p v. S graph. 
(ii) T v. p graph. This graph 
also represents U v. p and 

H v.p graphs with a scale 
factor of Cy on the energy 
axis and Cy on the enthalpy 
axis, (iii) V v. T graph. This 
also represents V v. U and 

V v. H graphs. (iv) Sv. V 
graph. (v) U v. T graph. This 
also represents H v. T and 
Uv. H graphs. (vi) T v. 5 
graph. This also represents - 
U v. S and H v. $ graphs 


T 
(Дим 
(H), i 


=Q. 
Solution 

s). 

step (a). 

step (b). 

nd Cy; p 

V versus 

N, 
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The data of a reversible Carot cycle is given in Question 3. Assuming Cy, m constant, derive 


expressions for Ap, AV, AT, AU, AH and AS for one mole of an ideal gas for each step of 
the above Carnot cycle. 


Step (a) Isothermal expansion Expressions for the required quantities are 


AT = 0; AU=0; AH = 0, AV=V,-V, 


ip = RTA (|= Rr ie 
у 77 


Lu Ма И 


А 
Cau c 


í 


Step (b) Adiabatic expansion Here expressions are 
ы АТ = Т, -Т, 
AU = Cy (Т, - Tj) 
AH = AU + A(pV) = AU + R(AT) 
= (Cy, m * R) АТ C, m (T5 - 1) | 
AS =0 (because the change 1s reversible and adiabatic) 
MeV WV, 


where V; is the volume of the gas after it has undergone the adiabatic reversible expansion. 
V, can be substituted in terms of V, by making use of Eq. (2.11.8). Thus, we have 


-l S 
Ti Vy =h y; ij 
I/y-l 
or V 542) Р, 
Т, 


Substituting this in the previous expression, we have 


U(y-1) Cy IR 
av= 1 |= o ily, 
D) -. Т, 


Ap = p3- Py 


Since for an adiabatic reversible process pV” is constant, we have 


y, Y ВТР | 
Ap = py d -hev 6 -l 
7 АС 


Making use of the relation TV Y we get 


ap HIR", 
рер g 
eu 


Step (c)  Isothermal compression In this step, the various expressions are 


АТ=0; AU=0; AH =0 


AS=Rin 4 
А 


ыш celine Meena ЙЕН» . 1,2. PITEN , 
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Solution 
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Since for steps (b) and (d), AS = 0, it follows that the above entropy change will be just 
equal and opposite to that of step (a). Thus 


Marin 4=-Rn2 
| 5 ^ 
This gives us the relation 
T y, = 24 
5^ Vy ү, 
VV V pas 
AV=V,-V;=+4-V, 2 2 (V -V)2|4 V -V;) 
Hy =н у, n 2) E (V, -V, 


Step (d) Adiabatic compression In this step, we will have 
AT=T,-T, __ 
AU- Cy, m АТ= Cy, m (Т, Е D) 
AH EC SAT 7 6, 251) 
AS=0 


ү Т Су m/R 
AV=(V,-V) = И |1- 3 |=\|1-|-1 
ү, Т, 


Now Ap-pi-p, 
and py =p * (Ap), + (Ap), + (Ap), 
where (Ap), (Ap), and (Ap), are the pressure changes in steps (a), (b) and (c), respectively, 


Thus Ap =~ (Ap), - (Ap), ~ (Ap), 


C5. m! R Cy m/R 
LIT 
=й { Быш" СЯ А s 
Vw WAG, DAD 


One mole of an ideal gas undergoes a reversible Carnot cycle with V, = 20 dm’, У = 40 
dm? and T г = 300 K. Let T, = 200 K and Cy m = (3/2)R. Using the expressions derived 
in Question 5, calculate Ap, AV, AT, AU, AH and AS involved in each of the four steps. 


Step (a) 
AT-0; AU-0; АН=0 
AV = (V, 7) = 20 dm? 
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be just Ж 
Ap = RT, | —-—| = (8314 kPa dm’ K^! mol!) (300 К 
P 1 
VW | 
log ada 
se аео MUERE MUT 
40dm? mol! 20 dm? mol 
= — 62.355 kPa 
y. | jo ced 
AS=Rin | 2 | = (8314 J K mot) x 2.303 log ыш 
V, 20 dm? mol 
= 5.763 JK! mor! 
Step (b) 
ATST «T =-100K 
3 
AU= Cy m (T, - T) = 7 К (А7) 
= : (8.314 JK! mol!) (-100 K) = -1 247.1 J mol! 
5 
AH - C, (T; Т) = у КАТ) 
- : (8.314 J K! mot) (-100 K) = - 2 078.5 J mor! 
Cy m/R 1.5 
T" (300K j 
Av=|;|— -1| у, =|! —— | - 1](40dm 
E | : ES | ) 
= 33.48 dm? 
| i RT T С рт! К 
spectively, ips B^ | 2 | _ | 
Ne! 
Н | 
V) | | _ (8314KkPa dm? K^! тог юк. | 
ES. (40 dm? mor!) 300K 
[ME | = -39.727 kPa 
n’, V, = 40 
i А$ = 0 
ons derived 
‘our steps. Step (c) 
AT=0; AU=0; AH=0 
T Cy  ! К 300K 3/2 
AV=|— ү -V,) =| =— | © 20 dm? тог!) = – 36.74 dm? mol! 
H (И - V) Ed ( mol ) 
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ВТ, (Т. Сү m/R 
| _ 
Ap- dd (%- 0) 


_ (8314 kPa dm? К^! mol”) (200 К) ( 200 К 
—. (40dm? mol) (20dm? mor!) | 300K 


1.5 
| {(40 — 20) dm? mor! } 


= 22.63 КРа 


V, V, _1 -1 El -l -l 
opis ARAA = Г = | =- 5.763 K mol 
A$-RIn 7 UT (8.314 J K^ mol") In 40 mo 
Step (d) 

AT=100K; AU-12471Jmol' AH=2078.5 J mol! 


| T, Ya! NA m) 
zydg-[l =(2 мы = 
AV i n (20 dm" mol) 0K 


=~ 16.74 dm? mor! 

Ap =~ [(Ap), + (Ару, + (Ap,] = (+ 62.355 + 39.727 — 22.63) kPa 
= 79.452 kPa | 

A$-0- 


REVISIONARY PROBLEMS 


4.1 Discuss what was the necessity of introducing second law of thermodynamics? 

y | 42 What is a Carnot cycle? Derive the expression of the efficiency of such a cycle, 
taking an ideal gas as a working substance. Is it possible to have a Carnot cycle of 
efficiency one? 

4.3 Second law of thermodynamics is stated in any of the following forms: 

| (a) It is impossible for a system operating in a cycle and connected to a single heat 

| | reservoir to produce a positive amount of work in the surroundings (Kelvin). 

: (b) It is impossible for a cyclic process to convert heat into work without the 
simultaneous transfer of heat from a body at higher temperature to one at lower 
temperature or vice versa, 1.е. it is impossible for a cyclic process to transfer heat 
from a body at a lower temperature to one at a higher temperature without the 
simultaneous conversion of work into heat (Clausius). 

(c) It is impossible for an engine operative in a cycle to have as its only effect the 
transfer of a quantity of heat from a reservoir of lower temperature to a reservoir 

\ at higher temperature. 

(d) The change of mechanical work into heat may be complete, but on the contrary, 
that of heat into work must need be incomplete, since whenever a certain quantity of 
heat is transformed into work, another quantity of heat must undergo a corresponding 
and compensating change (Planck). 
Show that the efficiency of a Carnot cycle is a direct consequence of these laws. 
4.4 Does that the efficiency of a Carnot cycle depends upon the make up of the engine or 
a working substance? If not, why? Hence show that all reversible engines operating 
between the same two temperatures have the same efficiency. 


iy 


4.5 Show that the efficiency of an irreversible Carnot cycle is less than the efficiency 
of a reversible Carnot cycle. 
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4.6 What is Kelvin scale of temperature? Discuss, logically, how Kelvin introduced this 


47 


4. 


оо 


4.9 


4.10 


44] 


4.12 


4.13 


scale. How would you establish the identity of Kelvin scale of HUIUS and the 
idéal gas temperature scale? 


(a) Show how the. following equation can be derived from a Carnot cycle operating 
between two temperatures Тү and T, 


noD 


(b) Does the above expression fails, if a bigger Carnot cycle is replaced by a number 
of smaller Carnot cycles involving heat exchange with number of heat reservoirs 
with temperatures between T, and T5? If not, explain why it is so? 


(c) Show that any cyclic process can be replaced by a larger number of Carnot 
cycles— larger the number of cycles better the replacement. Hence, show that for 
such a cyclic process 


lak 

Т К. | 
(9) What conclusions do you draw from the above expression? Show that it leads 
to a state function S, called entropy. 


Show that the value of integral $ d(qrey/T) is zero for any reversible engine whereas 


it is less than zero (i.e. negative) for an irreversible engine. 


Show that the value of AS, is zero if the process A > В is carried out reversibly 
and is greater than zero if it is carried out irreversibly. 


What is Clausius inequality? Show that it leads to the following statement: 


‘The energy of the universe is constant, the entropy of the universe always tends 
towards a maximum.’ 


How would you derive the entropy function starting from the first law of 
thermodynamics alone? You can make use of the expression 


TE 
д Jr 07 Jy 


Derive the following relations: 


(i) (95/90); = VT and (05/97); = p/T (ii) (9T/V)g = — (др/д$)у 


Cy Q | 
(iii) dS = мы? dV (iv) (0597); = СУТ 
Т 


| 
(0 (SP = [p+ OUN] = @рӘТ), 
(vi) (90/90); = T (dpldT)y- p 
| 2 
(уп) C,-Cy=T (9р/97), (9//97), = -T (VIOT, / (дЇдр)т = ы | 
(a) Show that T 
(i) (90/9/) is zero for an ideal gas 
(ii) C,- Cy =R for one mole of an ideal gas 


(b) Evaluate (дЇЛдЁ)т for a van der Waals gas. Use the van der Waals equation 
together with the thermodynamic equation of state. 


(c) By integrating the total differential dU for a van der Waals gas, show that if Cy m 
is constant, then 
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USC Т- = +0 


where U’ is a constant of integration. How does U vary with (i) change in V at constant 
T and (ii) change of T at constant V. 
4.14. Derive the following relations: 


de 
d) dS= 3 dT- V a dp (ii) (0119р); = (97/95), 


X ——————M 


(ii (8091), = C, IT | (iv) (@S/p)p= V - 9/07), 
: 
(v) ! (95/9р)г = T [(дН / др)г - И = – (97/97), =- Уа 


(a) T(V aT), -V V(aT-1l) 
vi) Hp? ——2— = 
Bi C, C, 


4.15 (a) Show that for an ideal gas (dH/dp)r = 0 
(b) ут is zero for an ideal gas 


| C, Cy а 
(с) Using dS = 2 dT — Va dp or d$ = pom dV, show that 
| T 


4, [95]. KrCy «fas. 6 
0) НІ Та ч) = 
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4.16 (a) Show that for one mole of an ideal gas 


А д та д5 Су т 
ITEM 


(b) The change in entropy function when the amount п of an ideal gas undergoes 
a change from Тү, V, to T5, V; is given by the expression 
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Т. ү, 
AS=n|C, ,, In Æ+R In — 
EE! 


me 


and the corresponding expression for T}, p; to T^, p; is 


| Т. 

` А$=п lo. In +R In a 

1 Т Pa 

: 4.17 Derive expressions for AS,.., A Sgur and ASy for expansion (or compression) of 


| an ideal gas under the following circumstances: 

| | (a) Isothermal reversible change. 

| (b) Isothermal irreversible change involving (i) free expansion, and (ii) intermediate 
expansion. 
(c) Adiabatic reversible change. 
(d) Adiabatic irreversible change. 

4.18 (a) Derive expressions of AS for the following transformations choosing a typical 
example for each. 
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(i) Isothermal reversible phase transformation. 
(ii) Isothermal irreversible phase transformation. 
(b) What is Trouton’s rule? 


Derive expression of AS for the entropy change when two solids at different 
temperatures are brought together. _ 

Define the necessary condition for standard state for the entropy of an ideal gas 
(i.e. 5°). How does the quantity S — S? vary with pressure p and with In (p/bar)? 
What is the third law of thermodynamics? Evaluate theroretically the third law 
entropy of a gas above its boiling point. Write all the steps involved precisely. 


According to the statistical thermodynamics, the number of microstates associated 
with any one of the configurations involving H number of heads and T number of 
tails, when a coin is played N times, is given by 


(a) Calculate the values of W associated with following configurations. 


e 


H 
ү 792,04, 0.6, 0.8 and 1.0 


for the values of N = 20, 50, 100, 500 and 1000. With the values of W thus obtained, 
justify the statement that: 


. Ofall configuration in a set, the 1 : 1: : Н: T configuration is the predominant one. 
(b) Calculate the relative ratio (known as A-ratio) of other configurations in a given 
set (i.e. with different values of H/N) with respect to 1 : 1 :: Н: T configuration 
and then plot a graph between the A-ratio and the corresponding H/N ratio of the 
configuration. With the help of the graph, justify the following statement. 

Out of very large number of microstates that can be assumed by a large assembly, 
majority of them arise from one comparatively small set of configurations centred 
on, and very similar to the predominant configuration. 

(c) According to statistical mechanics, the equilibrium state of a system is characterized 
by the predominant configuration and the latter is always associated with the maximum 
number of microstates. On the other hand, according to the classical thermodynamics 
the equilibrium state is characterized by its maximum entropy. Thus, there exists a 
link between the maximum entropy and the maximum number of microstates when 
the system is in equilibrium. Show that this relation is given by 

S-klnW 
where k is Boltzmann's constant. 


Using the equation 5 =k In W, how would calculate the change in entropy of a gas 
when its volume is changed from У, to V, at a constant temperature. Replace your 
gaseous system with a mathematical model of distribution of balls (equal to the 
number of molecules) over a given number of boxes (number being proportional 
to the volume of the gas). 

What is the residual entropy? Show how the relation 5 = k In W could explain the 
third law of thermodynamics and the concept of residual entropy. 


(a) Show that if (0U/dV);= 0, the equation of state of the substance must be of the 
form p = T(V), | 

(b) Show that if (@H/dp); = 0, the equation of state of the substance must be of the 
form V = T f(p). | 


(с) If for a substance both (QU/QV); = 0 and (dH/dp)7 = 0, then equation of state 
is pV/T = constant. 


\ 


жуы 
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42 
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TRY YOURSELF PROBLEMS 


(a) Which causes the greater increase in efficiency of a reversible engine—raising 
the source temperature by AT or lowering refrigerator temperature by AT? 


(b) If the rate of heat received by a nonperfectly insulated body at a lower 
temperature (Tj) from its hotter surroundings (Т,) is proportional to T, - T, - 
(Newton's law), then show that the rate at which work must be done to sustain the 
temperature difference Т, ET | 15 proportional to (7 — Т Dur " 
[Hint: dw/dt = d (q,/n’ )/0 = (1/1) dq /dt = 

(0 - Ty T) (Ay - Т)} = (P - TT 
A system is taken reversibly around the cycle ABCD shown in the diagram. The 
temperature on the Kelvin scale is indicated at each corner. The pressure and volume 
of the system are as indicated on the scale of the diagram. The heat capacities of 
the system are C, m = 8.381 JK™ mol! and Су = 5.048 J K mol. 


Ф 


600 K В 1800 К 


p/101.325 kPa —» 
ho 


ма 


Vidim? > 


(a) Calculate the value of | dq,,, along each part of the cycle. The sum of these is 
ф 44у. What is its significance according to the first law? 

(b) Calculate the value of | d(g,., /Т) along each part of the cycle. The sum of these 
18 ф d(q,ey/7). What is its significance according to the second law? 


(c) If ^C were converted to Kelvin by adding a conversion constant other than 273.15 К 
what would happen to the value of the integral $ Ч(деу/ Т) ? Discuss the significance 


of this according to the second law and the definition of an absolute temperature scale. 
[Ans. (а) q = + 1 999.8 J; w - — 1 999.8 J, (b) zero, (c) nonzero] 


State whether entropy of system increases, decreases or remains the same in the 
following changes of state. 


(a) One gram of water evaporates into steam at the same p and T. 
(b) One gram of water freezes to ice at the same p and T. 


(c) One mole of a gas (not necessarily ideal) is compressed reversibly and 
adiabatically. 


(d) One mole of gas (not necessarily ideal) is compressed reversibly and 
isothermally. 


-raising 
) 


a lower 
D-T- 
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(е) One mole of a gas (not necessarily ideal) expands irreversibly and adiabatically 
into a vacuum chamber and thereby increases its volume. 
Derive the relations 


CP aVr| = ap Tia (04 
aT |, av |, -2 av |. 
| д5 

qe db 

1). др Е | р 


Given the equation of state pV,, = RT + Bp, where В = f(T), show that 


FAL RT? dB 
QV, |. (V,-By dT 


Also obtain expressions for (0S/0V,,)7, (95/9р)г and (дН/др)т. 
A system is changed from a single initial equilibrium state to the same final 
equilibrium state by two different processes, one reversible and one irreversible. 
Which of the following is true, (AS refers to the system)? 

А$ = AS. ; AS > ASQ, and AS CAS. ' 
Show that the expression (рду), (9779р); (95/97), is equivalent to – pian) y 
When an ideal gas is allowed to expand isothermally in a piston, AU =q + = 0. 


Thus, the work done by the system is equal to the heat transferred from the reservoir 
to the gas and the efficiency of turning heat into work is 100 per cent. Explain, why 
this is not a violation of the second law. 


Derive the expression for thermal efficiency of a reversible Carnot engine using 
CO, (obeying van der Waals equation of state) as a working substance. Compare 
it with that of а Carnot engine involving 1deal gas as the working substance. If the 
two are not equal, what will happen? 


For an adiabatic process dq = 0. If one were to write 


à; (0 
А$= js- E 
pm 


then every adiabatic process would be an isentropic process. Comment upon this 
statement. 
A reversible cycle consists of the following stages: 

(i) An expansion at constant pressure p» 

(i) An adiabatic expansion to a lower pressure p; 
(il) А compression at constant pressure p, 
(iv) An adiabatic compression which restores the system to its initial state. 
Draw the indicator (p — V) diagram for the cycle and prove that with an ideal gas 
as the working substance, the efficiency is given by 


(y -Uly 
WI. qu pi 
q p» 


where у= C, /Cy and q is the heat taken up in stage (1). 


Prove for any homogeneous substance, that 


QU) V av 
A ES -pl— 
фр |. gr OP j. 
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4.13 Will AS be positive or negative in the following processes? Discuss qualitatively. 
(a) Н,0(в) 2 H,O(1); (b) H50() ^ H,O(g) 
(b) Hy(g) + Cb(g) > 2HCl(g) (d) 2H;(g) + No(g) э NoH,(l) 
(c) Ор) + N,(g) э Mixture of N, and O, (09 Cl,(g) > 2CK(g) 
(g) Dissolution of a solute in a solvent | 
(b) (1/2) N (g) + (3/2) Hy(g) э NHG) 
4.14 Капк'е following in order of increasing entropy. 
(a) 1 mole of H;O(l) at 298 K and 0.101 MPa 
(b) 1 mole of H,O(s) at 273 K and 0.101 MPa 
(c) 1 mole of H,O(g) at 373 K and 50.65 kPa 
(d) 1 mole of H,O(g) at 373 K and 101.3 kPa 
(e) 1 mole of Н,0(1) at 273 K and 101.3 kPa 
(f) 1 mole of H,O(1) at 373 K and 101.3 kPa i 


4.15 Consulting the table of standard entropy, calculate the entropy change for each of 
the following reactions: E 
N(B) + 3H;(g) » 2NH,(g) 
i 
N204(g) э 2NO,(g) 


H,(g) + СО,(в) > H,0(g) + CO(g) 
4.16 Show that 
(ди д(р/Т) ән \ (aim) 
b |- oe |; ap}, (9077) |, 
NUMERICAL PROBLEMS | 
(а) An ideal heat engine operates between — 40 °C and 40 °C. It absorbs 100 J of 
heat at higher temperature. Determine the work it delivers and the heat it rejects at 
lower temperature. (Ans. 25.55 J, 74.45 J) 
(b) I machine of part (a) is operated as a refrigerator. How much power (in watts 
=! ) must be supplied to the machine so as to maintain a cryostat bath at — 40 °С. 
The bath absorbs 418.4 J s`! from the surroundings. How much heat it rejects at 
higher temperature? (Ans. 143.59 W, 561.99 757!) 


\ 4.2 Prove that a heat engine with an efficiency of 0.150 working between 25 °C and 
100 °C is not undergoing a reversible work cycle. 


4. 


solani iii EA anm t e 
— 


pense ein 


е.ә 


4.3 Calculate the work obtained in 1000 cycles of a reversible engine operating between 
1 000 K and 300 K if the heat absorbed at the higher temperature is 2.1 kJ cycle !. 
If this engine operates in the reverse direction, how much of work is needed to 
transfer 2.1 kJ of heat from the sink (300 К)? (Ans. 1.470 MJ, 4.9 MJ) 
A heat.engine absorbs 760 kJ of heat from a source at 380 K. It rejects (i) 650 kJ, 
(п) 560 kJ and (iii) 504 kJ of heat to the sink at 280 K. State which of these 
represents a reversible, an irreversible and an impossible cycle. 

(Ans. (i) irreversible, (iii) reversible (iii) impossible) 
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For CH, œ= 1.24 x 10? К^! and кр= 91.784 x 10? MPa at 20 °С and 0.101 3 
MPa pressure. Assuming 0 and Ky to be constant, find the change in molar volume 
which will be required to produce an entropy change of 2.092 J K! mol at 20 °С. 


`- (a) The temperature of an ideal monatomic gas is raised from 25 °C to 250 °C. 


4.6 


47 


48 


What must be the accompanying volume change in order that the entropy of the 
gas may be unaffected by the complete process? (Ans. 4.08 fold increase) 
(b) Calculate the change in entropy suffered by 2 mol of a gas when its temperature 
changes from 300 K to 400 K at constant volume. - (Ans. 7.18 JK" mol) 


‘Calculate AS for 2 mol of NO, heated at constant volume from 298 K to 373 К. 
Given the temperature variation of C, m of NO, as С, mJ KT mol! = 27.78 + 30.85 
x 10? (ТК). (Ans. 13:32 1K) 
Two moles of an ideal gas is expanded isothermally at 20 °C from a volume V; to 
2.5 Vj. Determine the value of A Spas» AS... and AS, under the following conditions. 
(i) Expansion is carried out reversibly. 
(и) Expansion is carried out irreversibly and 400 J mol! of heat is less absorbed 
than in step (1). 
(iii) Expansion is free. (Ans. (i) 15.24 JK! – 15.24 JK, zero 
(ii) 1524 JK! – 12.56 J KC, 268 J K! 
(iii) 15.24 7 К”, zero, 15.24 J K) 
(a) The temperature of an ideal monatomic gas is raised from 25 °C to 250 °C. 
What must be the accompanying pressure change in order that the entropy of the 


gas may be unaffected by the complete process? (Ans. 4.08 fold increase) 


49 


4.10 


411 


4.12 


(b) Calculate the change in entropy. suffered by two moles of a gas when its 
temperature changes from 300 K to 400 K at constant presure. (4ns. 11.96 J к) 
Calculate AS for 2 mol of oxygen heated at constant pressure from 298 K to 373 K. 
Given the temperature variation of С, m Of oxygen as 
Cy, mJ K^ mol! = 26.85 + 849 x 10? (T K) (Ans. 13.33 J K’) 
The standard molar entropy of graphite at 298.15 K 1s 5.777 J KT mol”. Calculate 
its value at 1 500 К. Given: С, /J K mol = —5.293 + 58.610 x 10° (T /K). 
(Ans. 67.67 I K mol”) 
The heat capacity of solid iodine from 25 °C to the melting point (113.6 °C) at 
101.325 kPa pressure is given by 
C, IT K^ mol! = 54.685 + (13.43 x 10* K!) (T- 298 K) 
The enthalpy of fusion at the melting point is 15.648 kJ mol‘. The heat capacity of 
liquid is approximately constant at 81.588 J K^! mol and the enthalpy of vaporization 
at the normal boiling point (184 °C) is 25.522 kJ mol !. Determine the increase іп 
entropy accompanying the change from one mole of iodine from solid at 25 °C to 
vapour at 184 °C and 101.325 kPa pressure. (Ans. 124.23 J К! mol!) 
The moar heat capacity of water vapour is given by the equation 
C, 1J K! mol ' = 30.07 + 0.009 6 (T /K) 
and that of liquid water 1s 75.31 J K^! mol. The molar change in enthalpy on 
evaporation at 373 K and 101.325 kPa pressure is 40.58 kJ КЇ mol". Calculate 
AS for the change of state 
3H,O(1, 298 K, 101.325 kPa) > 3H50 (g, 500 К, 101.325 kPa) 
(Ans. 407.25 J K! mor!) 


252 А Textbook of Physical Chemistry 


Entropy Changes in — 4.13 Three moles of a gas with pV = n(RT + Bp) ; where B = 30 cm? mol” l and for 


a Real Gas 
4.1 
Reversible and 4.] 
Irreversible Processes 
4.1 
4.] 
4.] 
x 
4] 


4 


5 


6 


7 


оо 


Mo 


which С, /J K mol" = 27.196 + 4.812 x 10° (T K) 
undergoes (in an irreversible process) the change in state 
(600 К, 1.013 MPa) — (300 К, 0.506 kPa). 
Calculate AU, AH and AS. (Ans. – 18.93 kJ, – 26.43 kJ, - 43.57 J к) 
A gas obeys the equation of state p(V,, — b) = RT 
Calculate the спору, change when one mole of Ra gas шч the change from 


1 dm}, 27°C to 2 dm’, 127 °C. Given: Cy n! K mol! = 6.148 + 3.1 x 10 XTIK) 
and b = 0.039 dm mol. — ^ A. (Ans. 10.83 J K! mol!) 


А system undergoes a process in which the étitropy change is 10.08 J K. During - 


the process, 4.184 kJ of heat is added to the system from a thermostat at a constant 
temperature of 500 K. Is the process reversible or irreversible? (Ans. Irreversible) 


Compute AS for the following process H,O(1, – 253 К) > H5O(s, - 253 K) 
Given: C,(H,0, 1)=75.31 JK" mol; C,(H)0, s) = 36.40 7 K! mol’ 
Ag HQT3 К) = – 6.008 kJ mor! 


Is it possible to predict the nature of the process (spontaneous or nonspontaneous) 


бот: ће obtained value of AS? (Ans. – 19.03 J KË mot, No) 
(a) At 100 °C, water vapour at 1 bar is in equilibrium with the liquid. Given: 
H,O(1, | bar, 373 К) 2 H,O (g, 1 bar, 373 К); ALH = 40.639 kJ mol! 
C,(g) = 33.30 1 K! тог! | | 
C, (I) = 75.31 J K! тог! 


Compute Л „5 for the reaction H,O(I, I bar, 373 К) — H,O (g, 1 bar, 273 K) and... 


also AS. 


sur ad A 9а; hence demonstrate that the reaction is not spontaneous. 


(Ans. A Sys = 123 J K! mol, A Sgur = – 165.357 К mol, 
Аы = = 42.35 TK! mol) 


(b) Now consider the reaction H,O(1, 6 bar, 273 К) > H,O(g, 6 bar, 273 K) 
Assuming that the entropy change and heat flow when liquid water is compressed 
is negligible and 
C (vapour, 1 bar) = C,(vapour, 6 bar) 
Comment on the nature of the reaction. 
(Ans. A Ssys = 165.35 J K! тог, AS, = – 165.35 J K! mol", 
AStotal = 9, reaction is at equilibrium) 
Show that the change 
2 mol (g, 202.65 kPa, 273 К) > 2 mol (g, 101.325 kPa, 273 K) 
and carried out irreversibly against an external pressure of 101.325 kPa is spontaneous. 
(Ans. А5 у, = 11.527 TK, AS = ~ 8.326 J K”, А5 = 3.201 TK) 
Take the specific heat capacity of water to be 4.18 J eis 
fusion of ice to be 333 J D in the following problems. 


(a) 100 g of water at 100 °C is placed in thermal contact with 1 kg of ice at 0 °С 
and the system is allowed to come into equilibrium. Calculate the entropy change 
for the original 100 g of water, for the original 1 kg of ice and for the total system. 
Verify that the inequality AS > [ dg/T holds for this irreversible process. 
| | (Ans. -13046 J K ', 153.11 J K) 
(b) Calculate the entropy change for the change in state 
100 g H,0(373 К) > 100 g H50(323 К) (Ans. – 60.16 JK”) 


\ 


and the enthalpy of 
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4.20 (a) At 100 °C water vapour at 101.325 kPa is in equilibrium with the liquid. Given: 
Н,0(1, 101.325 kPa, 373 К) > Н,0 (g, 101.325 kPa, 373 К). 
AH = 40.638 kJ mol! 
Compute AS for the system and the surroundings. 


(Ans. 108.95 3K! mol! and 108.95 J K^! mot) 


(b) Compute AS... for the reaction 


Sys 
H,0(1, 101.325 kPa, 273 К) — H,O(g, 101.325 kPa, 273 К) 
_ Also compute AS,,,, and show that this reaction does not occur spontaneously. 
Giyen; C,(water vapour) = 30.305 J K^ mor! 
zi oC, (liquid water) = 75.31 JK mot 
(Ais: AS, = 122.09 J К", AS, = 164.26 JK, AS ig) = 42.17 DK) 
(c) The reaction 
H50(1, p, 273 К) > H,O(g, p, 273 К) 
represents an equilibrium reaction for some pressure p called the vapour pressure. 
Assume that the entropy change and heat flow when liquid water is compressed is 
negligible. Estimate the vapour pressure at 273 K. (Ans. p = 639.95 kPa) 


4.2] The normal boiling point of methanol is 65 °C and the ЛА? for the vaporization, i.e. 
CH,OH(1, 101.325 kPa, 338 К) ^ CH,OH(g, 101.325 kPa, 338 K), 
-is 35.229 kJ mol”! 
(a) Calculate AS of vaporization. 
(b) Given: 
C (CH;OH, 1) = 100.42 J K mol” 
C,(CH3OH, g) = 50.21 J K7! mot" 


estimate AS and AH for the given reaction at 357 K. Does the reaction occur 
spontaneously? 


(c) Compute AS for the system and surroundings when the following occurs: 
CH,OH(1, 202.65 kPa, 357 K ) 2 CH,OH(g, 202.65 kPa, 357 К) 
Are these values consistent with the fact that the vapour pressure of methanol at 


357 К is about 202.65 kPa? 
ч, i (Ans. (a) 104.23 J K”, (b) AS = 10148 J K^, AH = 34.275 kJ, 
m) | _А$ = — 96.01 J K, АЅ ы = +уе, spontaneous, AS... = 96.00 J К^!) 
| 422 Given: Cice) = 37.112 J K mol’ 

; C,(H50, 1) = 75.312 J K! mol! ! 
us. 3 А.Н for the reaction | 
E | H,O(s, 613.28 Pa, 273 К) > H50(1, 613.28 Pa, 273 К) 
of is 6.025 kJ mol, Compute the change in entropy when ice at 263 K is heated to 

form water at 283 K. (Ans. 26.16 J Kt mol !) 
C 4.23 (a) A quantity of an ideal gas in an isolated system is expanded isothermally and 
ре reversibly at 400 К from a volume V, to V}. During expansion ће gas absorbs 
m. 836.8 J of heat from the reservoir in contact with it. Find (1) ASpas (11) АЎ, and 
(ША system. (Ans. (1) 2.092 J K, (ii) -2.092 JK, (iii) zero) 
2 (b) If the above process is carried out irreversibly, then an absorption of 418.4 J of 
heat occurs. Calculate (1) AS s (Ш) ASreservoir and (10) AStotat system: 
2 


(Ans. (1) 2.092 J K, (ii) -1.046 J K ^, (iii) 1.046 JKT) 
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Third-law Entropy 4.25 


:4.26 


4.27 


4.28 


4.29 


(с) Suppose now ће isothermal expansion takes place freely (free expansion). What 
will be the (i) A Spas» (1) A Sreservoir and (iil) A Stota system: 

(Ans. (1) 2.092 J К^, (ii) zero, (iii) 2.092 J K^!) 
Pure ortho-hydrogen can exist in any of the nine quantum states at the absolute 
zero. Calculate the entropy of this mixture of nine ‘kinds’ of ortho-hydrogen; each 
has a mole fraction of 1/9. | (Ans. 18.268 J K! mot!) 


One mole of Zn(s) is heated from 300 K to 1 500 К. Calculate the entropy changes 
from the following data: m. pt. of Zn = 692 K, b. pt. of Zn = 1 180 К, enthalpy 
of fusion = 7.53 kJ mol, enthalpy of vaporization = 115.9 kJ mol’, specific heat 
capacity of Zn in solid, liquid and gaseous phases are 0.384, 0.512 and 0.312 J g! Кі 
respectively, molar mass of Zn = 65.38 р mol”. 


(Ans. 152.86 J K^! mot) 


MISCELLANEOUS NUMERICALS 


А possible equation of state for a liquid is 

V= Vy + at- kr(p- 0.101 325 MPa)] 
in which Йу is the molar volume at 0 °С and 0.101 325 MPa, t is temperature іп, 
Celsius degree and о and кт are constants. Under these conditions, prove that 


as | EJ 
— аы. ey bd -— I 
| íi dV) wnt 


Calculate AS and AH when 1 mole of water is compressed at 20 °C from 0.101 3 
MPa to 2.532 5 MPa. (For water near 20 °C and 101.325 kPa, œ= 2.1 x 104 K^! and 
Kr = 48.36 x 10% MPa!) (Ans. — 43.59 J Kl, 4125 J) 


Compute the entropy change on transferring of 2 mol of liquid ammonia at a constant 
pressure of 101.325 kPa from — 40 °C to the gaseous state at 200 °C. Given: 


C, (NH, 1) = 74.894 J K^ тог! 
C, (NH;, g)/ J K mol”! = 33.640 + 29.288 x 10 (T /K) + 21.338 x 107 (T/KY 
A vap H(NHS, 1) = 23.263 kJ mol! at 239.7 K (= normal boiling point) 
(Ans. 280.9 J K!) 
The following data are available for liquid water at 25 °С and atmospheric pressure: 
07256 x 10^ К^! and (80/97), = 9.6 x 10° K7, V= 1003 ст? рг". Determine the 
value of (0C, /ðp)r for water at these conditions. 
(Ans. – 2.889 x 10° J K! g! MPa!) 
Suppose the amount dq of heat is transferred from a thermal reservoir at T} to a 
thermal reservoir at T». Show that 


as. € da 
Dh 1 
also show that 
(i) Tj.» T, for a spontaneous flow of heat - 


(ii) Tj = T, for the entire system to be at thermal equilibrium. 


i 
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4.30 A sample of gas (with у= 4/3) in a state A(22.4 dm’, 1 bar, 300 K) is taken to a 
state C(33.6 йш, 2 bar, 900 K) by the following two routes 


(i) State A State B(22.4 dm’, 600 K, 2 bar) — State C 
(i) State A > State D(33.6 dm’, 450 K, 1 bar) — State C 
Calculate the entropy changes in each step. 
(Ans. (i) 15.525 J K^! mol, 12.109 J K! mot! 
(ii) 12.109 J K! mol, 15.525 J K! mot!) 


4 Equilibrium Criteria, 
A and G Functions 


5.1 CRITERIA FOR EQUILIBRIUM UNDER DIFFERENT CONDITIONS 


Criterion of Total We have already seen that for all reversible processes, the total change in entropy 
Change in Entropy (AStoia = Å Ssys + A Ssurr) is zero and for all irreversible processes or natural 
processes, the value of total entropy increases, i.e. 


A Syta = 9, for a reversible process 


А$ ш > 0, for an irreversible process 


Thus for an irreversible process, the total entropy goes on increasing and when the 
equilibrium is reached (where no further process takes place), the entropy attains 
a maximum value. No further change in entropy is possible at the equilibrium 
stage. Thus | 


AS (equilibrium) = 0 


Limitation of This criterion of equilibrium is very general and is not much useful because it 

Criterion of AS,,,,, — requires knowledge not only of the possible processes in the system, but also of 
what the interaction with the surrounding might be. It will be desirable and also 
more useful to have a criterion which depends on the state of the system only. 
Several such criterion can be found by synthesizing the first and the second laws 
of thermodynamics. 


Cr, 
En 
Vo 
Here dw represents all types of work (including type p-V work) that is involved Co 
in system undergoing a general process. 


Basic Expression From the first law, we have 
to Establish other 
Criteria 


dg = dU - dw (5.1.1) 


The value of dq is related to entropy via second law of thermodynamics, that is 
\ | бе, = T 45 
Since dq. < ddrey 
we get 04. « T d$ 
Thus, in general, we have 
dq € T d$ 


where the ‘less than’ sign is for an irreversible process and ‘equality’ sign is 
for a reversible process. Since we are interested in finding out the condition of 
equilibrium for a reaction that is in progress (i.e. spontaneous or irreversible 
reaction), we retain only a ‘less than’ sign. Thus for a spontaneous reaction, we have 


Crit 
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Criterion when 
Internal Energy 
and Volume are 
Constants 


Criterion when 
Entropy and 
Volume are 
Constants 


Criterion when 
Temperature 
and Volume are 
Constants 
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dg<TdS or Т> dq (5.1.2) 
Substituting Eq. (5.1.2) in Eq. (5.1.1), we get 
T d$ > dU - dw | (5.1.3) 


Equation (5.1.3) forms the basis for deriving the various criteria of equilibrium 
for a process that.is taking place under different conditions such as under constant 
temperature and volume, constant temperature and pressure, etc. We derive below 
a féw such criteria of equilibrium. 

If the system undergoes only p-V work, then Eq. (5.1.3) reduces to 


ёт qir. 
ЕДЕ 
Я 


T d$ dU + pe dV 


{ 


à o wd y ` (5.14) 
| Io X 
If we impose the conditions that the process under consideration is taking place 
at constant energy and volume, then according to Eq. (5.1.4), we get 


d$p y» 0 ] (5.1.5) 
that is, under the conditions of constant U and V of the system, the entropy of 
the system will increase when a spontaneous process is taking place and its value 
goes on increasing as long as the reaction proceeds. When the reaction stops, i.e. 
when equilibrium is reached, it will attain a maximum value and thus 45у = 0. 
Thus, the criterion of equilibrium under the conditions of constant U and V is that 
S, 


system Will attain a maximum value and dSy y= 0. 


A system at constant energy and volume is, however, an isolated system because 
p-V work and energy in any form including heat cannot be exchanged between the 
system and the surroundings. Though this criterion depends only on the system, 
yet it is not a practical one. 


Equation (5.1.4) сап be rewritten as 


dU < T d$ - p, dV (5.1.6) 


If the reaction is taking place under the condition of constant $ and V, i.e. dS = 0 
and dV = 0, we have 


dUsy <0 (5.1.7) 

In this case, a decrease in the energy of the system is observed during the 

spontaneous process. When the energy attains a minimum value (i.e. no further 

decrease can be observed), the process ceases and it attains the equilibrium position. 

Thus, the criterion for a process to be at equilibrium under the conditions of constant 

S and V is that the energy function attains a minimum value and thus dUs y = 0. 
Again this criterion is not a practical one. | 


Equation (5.1.3) can be rewritten as | 
dw » dU - T d$ (5.1.8) 


The symbols dw represents the total work of all types that is involved in the system 


undergoing an infinitesimal process. If this process is carried out isothermally, we 
have | | 
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Criterion when 
Temperature and 
Pressure are 
Constants 


\ 


d(TS) = T dS (constant 7) 
and Eq. (5.1.8) becomes | 
dw > d(U - TS) (constant 7) (5.1.9) 


Since the expression (U — TS) contains only state functions, it also represents a 
state function. It is represented by the symbol A (from the German Arbeit which 
means work). Thus 


A= U=TS We (5.1.10) 
The function A being a state function, the change in its value while proceeding 
from state 1'to state 2 does not depend upon the path and is always determined 
following the reversible path (or paths) connecting the two states. For a reversible 
process, we; will have 


лау = 44 | (constant T) 

or Жах = AA . (constant 7) (5.1.11) 
In an irreversible process with the same initial and final states, though the work 
involved is different from Wax yet AA has the same value in both cases. 


The function A is called the work function or the work content or the Helmholtz 
free energy (or simply Helmholtz energy or Helmholtz function). The name free 
energy was given to this function by Helmholtz because the decrease in A (i.e: 
AA = —ve) represents the maximum amount of energy that is free or available for 
being converted into. work (Le. Wmax < 0). Rewriting Eq. (5.1.9), we have 


dw > dA (constant 7) | 
or dA - dw«0 (constant T) |. (8142) 


If we assume that the system can do only p-V work and that it is subjected to 
constant volume condition, then it is obvious that 


dw = 0 
If the temperature of the system is also kept constant then from Eq. (5.1.12), it 
follows that 


ddr y «0 (5.1.13) 
that is, for a spontaneous process, occurring at constant T and V, the value of 
the function A for the system will decrease and it will continue to decrease as 
long as the process proceeds. Since A = U — TS, therefore dA = dU — T 45. Thus, 
it follows that the Helmholtz free energy decreases as a result of a decrease in 
energy (i.e. dU = —ve) and increase in the entropy (i.e. dS = +ve) of the system. 
When equilibrium is reached, it will attain a minimum value. Thus, at equilibrium 
dAry = 0 for any process. 


We now develop the criterion for equilibrium appropriate for the conditions which 
are important in chemistry, namely, constancy of temperature and pressure. In order 
to do this, we define the total work that can be obtained in a process as the sum 
of the net work (i.e. nonmechanical) and p-V work (i.e. mechanical): 


dW total x иа + dw, y | 
= буы рь dV | (5.1.14) 
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Now from Eq. (5.1.8), we have 
dw > dU -T d$ 
Le dwet Ре dV > dU - T dS 
If Pext = руу 7 p, we will have 
dwet > dU + p dV- T dS 


Since H = U + pV, for a process at constant pressure, we have 


dH = dU + p dV (constant p) 
Substituting this in the previous expression, we get 
биа dH - T d$ (constant p) 


and if the process is also carried out at constant temperature when d(7S) = T d$, 
then 


| Fe > dH - d(TS) (constant T and p) 

or — dw» d(H- TS) (constant Tand p) (5.115) 

We once again define a new thermodynamic function by the equation 
G=H-TS © (5116) 


The function G is a state function because it is composed of functions of the 
state and therefore its differential is exact. This function is called Gibbs free energy 
(or simply Gibbs energy or Gibbs function). Thus, we have 

(0 6g > бт, 


T (5.1.17) 
or бт > € биш 


If the spontaneous process is carried out in TY a way that no net work is 
involved, бие = 0, then from the above expression, we get 


« 
AGr р 0 | | 
that is, for a spontaneous process occurring at constant T and p, there occurs” 


a decrease in free energy of the system and this decrease is continued till: the 
equilibrium is reached. At this state, G attains a minimum value and hence 


бт , = 0. | 
For a reversible process, we will have 
dw, = Ст, р 


that is, ће decrease in Gibbs free energy (i.e. dGr „= -ve) for a reversible process 
is equal to the net amount of nonmechanical work that can be obtained (i.e. dwet 
= —ve) from the system. 


If G is the free energy of a state neighbouring the equilibrium state and Go is that 
of the equilibrium state, then 


dG = G - Go (5.1.18) 
Regardless of the choice of neighbouring state, we have 
If dG>0 The equilibrium is stable 

dG=0 The equilibrium is neutral 

dG«0 Те equilibrium is unstable 
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Also, for an infinitesimal displacement dé from the equilibrium state, the change 
in free energy is given by 


dG- E] dé (5.1.19) 
Eia | 


05 


Hence, regardless of the value of dé, the system will be at equilibrium if 
| (06/98) = bu has a zero value. But to examine the stability of the equilibrium, 


higher derivatives are needed as described in the following. 


Let us assume the existence of a Taylof series for the free energy at the 
equilibrium state (assuming that there exists no discontinuity in the value of G or 
any of its derivatives at the quilibrium state). We will have 


dG = G - Gy 


9G 1(9*G EE E f 
бе, a EFN i К | 


(5.1.20) 
At equilibrium (0008); ~z, 0. If (01027); = > 0, the sign of dG will be 


positive, since £? is always positive. This leads to a stable equilibrium. 
If (926/922) Е-Е 0, then there is a need of examining the higher derivatives. 


A nonzero value of (0°G/dE*) £- iu May result in the negative value of dG as €° 


can have positive or negative value, and thus equilibrium will be unstable. 


PE If (GE? j= m = (, then the equilibrium will be stable if (2G/9£^) jës beg? 


since £^ always has a positive value. If this derivative is zero, then higher 
derivatives have to be examined. 


For a chemical reaction, dG is taken to be zero if (06/05); - Eo 0 and 
the stability of equilibrium is rarely studied, because the equilibrium is attained 
spontaneously, it is necessarily stable. It is for this reason, 0G/06 is identified as 
os a thermodynamic driving force toward the equilibrium state. 


\ 
5.2 RELATION BETWEEN AG AND А$ „у FOR AN ISOTHERMAL AND ISOBARIC 


PROCESSES 


The criterion of AG < 0 for predicting the spontaneous nature of a process is 


completely equivalent with that of A Syota > 0. This equivalence can be shown as 
follows. 


The free energy change AG,,. of an isothermal process is given by 


Sys 
Абу; = АН; = TAS (5.2.1) 
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where АН, and A Sys are the enthalpy and entropy changes of the system, 
respectively. Under the condition of constant pressure, we have 

AF = 4, (5.2.2) 
where q, is the heat transferred between the system and the surrounding. If a given 
system gains heat than surroundings supply equivalent heat and vice versa. Thus, 


. It is obvious that 


dup Г | (5.2.3) 


If it be ‘assumed that the above transfer of heat is done reversibly by surroundings 
at constant temperature T, then 


igi.. g AH 
а 6.24) 


or АН „=-ТА$ 


A Gy, = =T ASg = T AS 
=-Т(А$ + AS 


SUIT sys) 
STAS ы , (525) 


Thus, if A Sota, 18 positive, A Gys in negative and vice versa. 


The prediction of the nature of the expansion process of an ideal gas from the sign 
of A Sotal 18, in fact, based on the principle of comparing entropy change of the 
surroundings under the given conditions with that under the reversible conditions. 
It the entropy fluctuations are the same, the actual process is said to be reversible. 
If the two values are different, the actual process is irreversible in nature. Let 
Gactal бё the amount of heat absorbed (or released) by the system from (or to) 
its surroundings. It is assumed that the surroundings supply (or gain) this heat 
reversibly at temperature T, then 


(A Ssurr)actual = с (5.2.6) 
Now if the same process were carried out reversibly, we would have 
q 
(A Ssurr)rev = -A Ssys p E (5.2.7) 


While determining AStota We, in fact, compare (А 5) деа With (ASsur)rey 
as shown below. E 


AStotal E AS s {р AS surr 


Е ASer T (А5, ций (5.2.8) 
— frev _ Factual (5.2.9) 
T Т 


Now if the actual process is carried out reversibly, it is obvious that 


actual ^ тех 
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or (AS —€— (AS sur ies (5 2.10) 
and thus Д5 = 0 (5.2.11) 


In other words if Д, „у = 0 for an actual expansion process we say that ће 
process is reversible in nature. Now if the actual process is carried out irreversibly 
(or spontaneously) then 


аса] < Grey OF даса] 2 — Grey 
or (A Sir actual 2 (AS тсе 
and thus AS, = positive ли (5.2.12) 


In other words, if A Sota] >.0 for ап actüàl process, we say that ће process 
is irreversible in nature. Now since q,,s\can never be greater than д, for any 
irreversible process, it is obvious that A Stota Сап never be negative. In other 
words, if we get A Skotaj negative for a process, we say that the process can never 
occur in actual practice. In fact, the process will have a tendency to proceed in 
the reverse direction. 

Coming to the criterion of G, we write 
AG=AH-TAS (5.2.13) 


where AH and AS are respectively the enthalpy and entropy changes of the system. 
Now AS of the system is always to be calculated following the reversible path 
connecting the initial and final states of the system. Thus, for a process at constant 7, 


we have | 

A Ssys = (Aries = - : бэм) 

For an ideal gas WS | 

АНУ; = 0 (5.2.15) 
Equation (5.2.13) therefore becomes 

E AS AD er^ ig (5.2.16) 


Since q is positive for isothermal expansion of an ideal gas, the sign of AG 
is negative. This implies that the expansion of an ideal gas from a given volume 
V, (or pressure ру) to a larger volume V, (or lesser pressure p») is a spontaneous 
process. Note that the said expansion may be carried out reversibly or irreversibly, 
but how exactly it is achieved, is not answerable unless we take into account of q 
actually involved in the expansion process. | 


5.3 “GIBBS FREE-ENERGY CHANGE OF A CHEMICAL EQUATION 


Consider a general chemical equation 


0= dv, В 
B 


The amount of species with the progress of reaction is given by the expression 
пв = (ng) + Ув5 


Where (пв) is the amount of species В in the beginning of the reaction and np is 
the corresponding amount when the reaction has proceeded to the extent £. 
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For the infinitesimal changea in the extent of reaction, the change in the amount 
of species B is 


dng = VB dé | | 
The corresponding Gibbs free-energy change of the reaction is 
dG = ZG, (Bin = Уб(В) (ув dd) 


By definition, Gibbs free energy change of a reaction is given as 
A,G - ЕЗ OR (53.1) 
d$ p, B 


that i is, Gibbs free energy change of a reaction is the rate of change of Gibbs free 
energy with extent of reaction. It is egual to the free energy change per unit extent 
of reaction. The unit of A,G is J mol '. 


The A,G of a reaction is related to its A.A and AS by the expression 
A,G * AH- TA,S 
Exergonic and The reactions having A,G negative are known as exergonic reactions while those 
Endergonic Reactions having A,G positive are known as endergonic reactions. 
Driving Forces of For a reaction to be feasible, its A,G should be negative, i.e. 
a Reaction A,G 7 AH- TA,S «0 
This implies that decrease in АН and increase in A,S favour a chemical 
reaction. The latter condition becomes more important at higher temperatures. 
We can distinguish the following four cases depending upon the values of 
AH and A,S. 


When A, H < 0 and 
AS >0 


Reactions with these characteristics can be carried out at any киш since 
for this A,G will be all the time negative. Example is: 


2H,0,(g) > 2H,0(g) + 0,(g) 
A,H gg = -211.29 kJ mol”; 
A Goog, = —250.62 КІ mol”! 


Reactions can be carried only when |T A,S| < |A,H], since only Шеп A,G will 
have a negative value. The reaction must be strongly exothermic to overcome the 
handicap of the entropy decrease; at very high temperature -T A,S overcomes 
к А.Н and then the reaction can no longer proceed. Examples аге: 


(ә) 3H,(g) + №(6) 2 2NH;(g). 
A. Hog = -92.22 KJ mol; 
A, Googe = —32.99 kJ mol 


T A Ssog = 39.33 kJ mol” 


When A,H < 0 and 
AS «0 


T A „Sg = —59.23 KJ mol! 


O  B(g* 2058 > 00) 


А Нуда = -285.83 kJ mol”; T A, Syogx = —48.68 kJ mol! 


A Googk = —237.15 kJ mol! 


\ 
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When A,H > 0 and 
AS»0 


When A,H > 0 and 
AS <0 


Reactions can proceed only if T A 5 > АН, i.e. temperature of the reaction should 
be such that entropy factor ТЛ, 5 predominates over the A,H factor. Examples are 


(a)  NjO4g) > 2NO,(g) 
A Hog = 57.20 kJ mol 7; T A Sog = 52.40 kJ mol 
A. Goggy = 4.80 kJ mol! 


Since for a spontaneous reaction, A,G should be negative, it is obvious that 
the decomposition of N,O,(g) to NO,(g) will not, bg spontaneous. However, at a 
higher temperature |Т AS | becomes larger then A „Н which makes А.С negative 
and thus the reaction becomes spontaneous, E nature. t 


(b) Ago + d i ныс) > ACIS) + на) 


А; Нук = 5.54 тої; T A Seog = 9.96 KI mot! 
A. (бук = = B 42 kJ mol! 


Another examples of a reaction in which entropy dominates energy in 
determining the direction of reaction is the hard boiling of an egg. Egg albumen i 18 
protein whose structure is maintained in part by an immense number of hydrogen 
bonds. During the process of boiling, the hydrogen bonds are broken and much of 
the order of the protein molecules is lost. If the temperature is sufficiently high, the 
disordering of the system produced by the collapse of the structure of the protein 
molecules, and expressed as T AS, is more than enough to counteract the large 
АН required to break all the hydrogen bonds. The result is that AG is negative 
and reaction at or above such a temperature is spontaneous. 


Both the factors make A,G more and more positive and, therefore, such type of 
reactions are prohibited at all temperatures. Examples include: 


N,(g) + 20,(g) 2 2NO,(g) 
A Hog = 66.36 kJ тоГ'; T A, Ssogy = -3629 kJ mol 
A, Googe = 102.65 kJ mol! 


T Note: The decomposition reaction of N,O, is, in fact, an equilibrium reaction, i.e. 
N50, = 2NO, 


The degree of dissociation of N,O, at equilibrium is 0.19, i.e. if we start with pure NO, 
19% of it is decomposed into NO». The calculated value of Л ‚Gggg = 4.80 kJ mol”! predicts 
that one mole of N;O, cannot be completely decomposed into NO». To determine whether 
№0, decomposes or not and if yes, to what extent, the change in the total free energy of 
the system with extent of reaction (i.e. 0G, 4/06) must be evaluated at various stages of 
decomposition (see Section 7.13). If the quantity comes out to be negative, it implies that dé 
amount of N5O, can decompose into NO}. A positive value implies that the decomposition 
of amount dé of N,O, to NO, is not possible. The decomposition reaction continues till 
(9С,/95) becomes zero. | 
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These four cases are tabulated below. 


AH AS (Же, Comment 

» + - Always spontaneous 
+ £ + Never spontaneous 
" ? AG depends upon 
+ + 2 | | conditions 


i fÉmay be pointed out that thermodynamics cannot predict the rate of chemical 
reactioris. What it can tell is whether a given reaction is feasible or not. If it is, and 
if its rate is Vety slow, than a suitable catalyst can be chosen which can accelerate 
the reaction. The, value of А ‚С for the reaction is independent of the catalyst used. 
No catalyst can be used for a thermodynamically prohibited reaction. — 
2. We know that at equilibrium A,G = 0, which gives rise to A,H = ТА, 5 and 
hence Teq = A,HIA,S. If both A.H and AS are positive, then the tendency towards 
greater ‚ош: measured by AS aid weighed by multiplication with Т, is just 
sufficient of compensate for the endothermic character of the reaction. If both are 
negative, the exothermic character of the reaction just compensates for the decrease 
in randomness again weighted by T. 
3. Since A,G - AH - T A,S, it follows that at low temperatures T changes 
dominate ihe AG expression whereas at high temperature it is the entropy changes 
which dominate the value of А „С. Take, for example, the reaction 
H,0())  H0(g) 

A change in the value of A,H with temperature of this reactions follows the 

equation 


ArHr, -= ArHr, = (AC) AT = 1C, (в) - Cos (Dj {T - Т} 


Since C, m(1) > C, m(8), it follows that Л „А of this reaction decreases with increase 
in temperature. The value of T A,S will increase with increase in temperature since 
the reaction is attended to by an increase in entropy. Thus 


At lower temperatures, Ayp H > TA,,,5 and A,,,G = tve 


vap 


At higher temperatures, Ay,,H<TA, 5S and A,,,G= 


vap 

Computation of Boiling Point of a Liquid In between when = xS 
and АС = 0, the system will be at equilibrium. The temperature at which this 
exist, is the boiling point of the liquid. It can be computed from the expression 
ho A vap H/A sS. At this point, heat given to the system is utilized only in 
increasing the entropy of the system at constant temperature. 


Sulphur exists in more than one solid form. The stable form at room temperature is rhombic 
sulphur. But above room temperature the following reaction occurs: 
. S(rhombic) —> S(monoclinic) 


Thermodynamic measurements reveal that at 101.325 kPa and 298 K, A H = 276.144 J 
mol! and A,G = 75.312 J molt. 


(a) Compute А5 at 298 К. 
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(b) Assume the Л, and A,S do not vary significantly with temperature, compute Teq, the 
temperature at which rhombic and monoclinic sulphur exist in equilibrium with each other. 


Solution (a) Since AG =A H-T A S, therefore 
_ AH-AG _ 276.144 J mol! - 75.312 J mol 


А 
i T 298 K 


= 0.6741 K | mor! 
(b) When the rhombic sulphur is in equilibrium with monoclinic sulphur, we would have 
AG 70 7 ALH - Т.А,5 | 
7 1441 mol! 
Thus Ty = АН _ 276.144] ! 
| AS 0,674]К mol 


-409.7K 


4. Since G'is a state function, therefore, AG value for any given process does ` 
not depend upon the path. Values of A,G for different chemical reactions may be ` 
combined in the same way as the chemical equations of the reactions considered 
may be combined into the equation of a new reaction. The following two examples 
illustrate the procedure. | 

(i) Consider the reaction 


S(rhombic) + 40, (g) > SO3(g) 


for which A,G? is required. Its value can be determined from the following two 
reactions: 
S(rhombic) + 0,(g) + SO;(g) А,б° =.-300.19 kJ тог! 


SO;(g) + 10, (в) > $0,(g) A,G5 = -70.87 kJ mol! 
Adding these two reactions, we get 
‚ S(rhombic) + 20, (g) 5 SO,(g) 
A,G° = А.б + A,G5 = -371.06 kJ тог! 
(ii) Suppose A,G? for the following reaction 1s required. 
8H’ + MnO; + 5Fe** — SFe^* + Mn? + 4H,0(1) 
| This can be done by combining the following two reactions: 
\ 16H’ + 2Mn0; + LOCI > 5С1,(8) + 2Mn^ + 8H,0(1) 
AG; = -182.81 kJ mol’ 
Cl(g)+2Fe* > 2Fe* +2C А0 = - 113.55 kJ mol! 
Multiplying the first reaction by 1/2 and the second reaction by 5/2 and then adding 
the two, we get the required equation, A,G° for which will be: 


AG^- Аб E: : AG, (5) (7182.81) + BH (-1 1355) kJ mol 


= -315.13 kJ mol! 
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The above procedure of computing the free energy change of a coupled reaction 
finds its practical utility in the human body where endergonic synthesis of ATP 
(adenosine triphosphate) from ADP (adenosine diphosphate) and Р, (inorganic 
phosphate) is carried out by coupling it with the exergonic combustion of glucose. 


СеН,0; + 60, > 6CO, + 69,0 AG = -2 870 kJ mor! 
36ADP + 36Р, — 36ATP + 3610 А,С=1 205.0 kJ mol”! 


CoH .0, + 60, + 36ADP + 369, > = AG =-1 665 kJ mol”! 
36ATP + 6CO, + 429,0 


‘The energy that is not trapped in ATP synthesis is used in maintaining normal 
body temperature. 


Calculate AG? for the reaction 
: Р l 
C(graphite) ZED (pE Ng) + = ОЙЫ > CONE); 


from the following data 
(i) CO,(g) + 2NH,(g) > H,O(g) + CO(NH,),; A,G; = 191 kJ mol! 


: 1 А "p 
0 H,O(g) > Hy (g) + 7 02 (e); A,G> = 227.44 kJ mol! 
(ii)  C(graphite) + Ор) > CO,(g); A,G3 = -394.38 kJ mor! 
(v) _ Ng) + 3H,(g) > 2NH,(g); A,G, = -3243 kJ mol! 


The given reaction is 
| 
C(graphite) + 2Н,(в) + No(g) + = Og) > СО(МН,); 


The above reaction can be obtained by adding the given reactions. Thus, we have 


A,G? = AG, + AG + AG; + AG, = -19746 kJ mol! 


Computation of Free Energy Change of a Reaction 


eq the 

other. 

. have 

5 Example 5.3.2 

; does 

iay be 

idered 

mples 

ig two 

Solution 
Using the Data 
on Enthalpies 

; of Formation 

and Third-Law 
Entropies 

4 

4 

adding | 

nol 


There are two methods for computing the free energy change of a reaction. 
Suppose the free energy change of a reaction 


2N,0,(g) — 4NO,(g) + O(g) 


is required. The required data for the computation are as follows. 


2N,0;(g) > 4NO,(g) + 08) 
А H°] mol! 11.3 33.18 0 
S° К"! mol”! 355.7 24006 20514 
Now the enthalpy of reaction and entropy of reaction are 
A, H° = È vg Ar HB) | 

= 4 A H'(NO,, g) + АН (О, р) - 2 Ac (NOs, g) 
= [4 х 33.18 +0 -2 x 11.3] KJ mor! 
= 110.12 kJ шоГ! 


—— m etn 
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A,S° E 2 Vp (В) 

= 4 $5 (№), g) +500), 8) - 2 5.0005, 8) 
= [4 х 240.06 + 205.14 — 2 х 355.7] IK mol! 
= 453.98 J K ! mol” 
Finally, at 298 К, we have 

AG? = А.Н -TA,S° 
= 110.12 kJ mol – (298 K) (453.98 x 10? К”! mor!) 
= — 25.17 kJ mol! 


Example 5.3.3 It has been suggested that œ- cyanopyridine might be prepared from cyanogen and butadiene 
| by the reaction 


Санев) ) + C,No(g) э СН№(5) + Ha(g) 
In view of the thermodynamic data given below, would you consider it worthwhile to | 
attempt to work out this reaction? | 


Molecule —.. A;H* 298 K) $°(298 К) 
kJ mor! J K mor! 
Butadiene(g) 111.9 277.9 
Cyanogen(g) 300.5 241.2 
a-Cyanopyridine(s) 225.2 322.5 
H,(g) 0.0 | 103.6 


Solution We have 
| A, H° = A, H°(a-cyanopyridine) — A ; Н°(бшайепе) – А, Н°(суапореп) 

= (225.2 - 111.9 - 300.5) kJ mor! 
= -1872 kJ mol! 

A, 5° = S°(a-cyanopyridine) + 5°(Н,) — S°(butadiene) – S°(cyanogen) 
= (322.5 + 103.6 - 277.9 – 241.2) JK ! mor! 
--93J K! mol! 

AG =A, -TAS | 
= 187.2 kJ mol! – (298 К) (-93 x 10? kJ K! mor!) 
= - 159.486 kJ mol! 


\ Since AG? is negative, a-cyanopyridine can be prepared starting from cyanogen and 
butadiene. 


Ext 


Usingthe Data on — Similar to the definition of enthalpy of formation and its use in the determination 
Free Energy of of enthalpy of reaction, one can define the free energy of formation of a substance 
Formation and from these values the value of free energy of a reaction can be determined. 
By definition, the standard free energy of formation of a compound is the change 
in the standard free energy when one mole of the compound is formed starting from 
the requisite amounts of elements in their stable states of aggregation. 
By convention, the standard free energy of formation of every element in 
its stable state of aggregation at one bar pressure and at specified temperature is 
assigned a zero value. The specified temperature is usually taken as 25 ?C. 
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The standard free energy of formation of a few substances are recorded in 
Appendix I. Using these values, one can calculate the value of A,G° of a reaction 
using the expression | 


Ас = У vp ALG*(B) 
B 


ie, AG?= Y, vg A«G(B)- У [vgl AjG*(B) 


products reactants 
The following two examples illustrate the procedure. 
(О 4NHs(g) +508) > 4NO(g) + 6H;0(1) 
Тһе values of standard free energy of formation of the involved species are 
4NH,(g) + 50,(g) ^ 4NO(g) + 69,0(1) 


Деб mol! ^ -1645 0 8657 -237.13 
Thus, 


A Goge = 2, Vg A(G'(B) 
B 


= 44;G°(NO, g) + GA G'(EEO, 1) - 4А, G'(NH,, g) - 54;6°(0,,8) 
= (4 x 86.57 + 6 (-237.13) - 4 (16.45) — 0} kJ mol! 
= –1 010.7 kJ mol! 
(и) Oxidation of СТ by MnO;(s). 
The reaction along with the appropriate values of Ау G° is 
4H* + MnO,(s) + 2Cl 2 Мп" + СЫ) + 2H,O(I) 
А.С] mol! 0 — 464.84 -– 131.17 ~ 223.43 0 — 237.19 
Thus — A,G? = A;G' (Mn?) + 2A -G°(H,0) – A;G*(MnO,) - 2A,-G°(CI) 
= [-223.43 + 2 х (-237.19) – (-464.84) -2(-131.17)] kJ mol? 
= 29.37 kJ mol! 


Example 5.3.4 Compute A JP, A,S*, TA,S°, A.G? and the equilibrium vapour pressure of the transformation 


H,O(!) ^ H,0(g) 
at temperatures 323.15 K, 348.15 K, 373.15 K, 398.15 K and 423.15 K. Given: 

АЕР (H50, 1, 298.15 К) = -285.83 kJ mol”! 

AT (H;0, g, 298.15 K) = -241.82 kJ mor! 

я $*(H5O, 1, 298.15 К) = 69.91 J К! mol! 

‘$°(H,0, р, 298.15 К) = 188.83 J К! тог! 

C,(H,0, 1) = 75.29 J К” mol”! 

C,(H,0, в) = 33.58 J K! тог! 


Solution Assume C,’s to be independent of temperature. 
We have 


А Hog is = ACHT (H50, g) - AcT(H50, 1) 
= [-241.82 — (-285.83)] KJ mol! = 44.01 kJ mol! 
Ak Sog is = S (H50, g) – S°(H,0, 1) 
= (188.83 — 69.91) J K! mol! = 11892 J K^! mol”! 
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A.C, = СЮ, р) = C,(H,0, 1) E: 
= (33.58 – 75.29) J K! mot! =- 41.71 J K! mor! 
The values of A,H7, A,S% and A,G% at temperature Т can be obtained by using the 
expressions | 
A, Hp = A, Hog s + AC, (T - 298.15 K) 
A S7=A,S5 +A C, In - 00 
^r l r^298.15K tp 298.15K 
ir анд | So. 
For the transformation to be at equilibrium, we have 
(A,Greq =0 
| AH; 
ог (AD = 11 
For the reaction to be at equilibrium, we must change A,57.to (AS Teg If this change 
is carried out only by changing the vapour pressure of water, we will have 
(А89), - ALS -R «| a | (Eq. 4.24.8) ` 
1 bar : 
where (A, Seq and (A, 57) are the entropy changes of the transformation at pressure Peq 
and 1 bar, respectively. 
The calculated values of A,H7, Д.57, TA, $7 А „бт (А Deg and peq are recorded in Table. 
5.3.1. 
Table 5.3.1 Computing thermodynamic data for Н,0(1) = H,O(g) reaction 
ка AH A S7 TAS; АС (ЖОЙ Pat 
К тог kJ! mol”! Кто!  kJmo™ JK mot! bar 
323.15 42.97 115.56 37.34 5.63 132.97 0.123 
348.15 41.93 112.45 39.15 2.78 120.44 0.383 
373.15 40.88 109.56 40.88 0 109.56 1.0 
398.15 39.84 106.86 42.55 -2.71 100.06 2.265 5.4 
423.15 38.80 104.32 44.14 -5.34 91.69 4.56 
= =_= | Inv 
T Thus at 1 bar external pressure, the transformation of liquid water to water vapour Fun 


is spontaneous provided T » 373.15 K. At T « 373.15 K, the reverse of the process is 
spontaneous. In general, the above transformation will be spontaneous at temperature T 
provided the external pressure (or the pressure of water vapour in equilibrium with liquid 
water) is smaller than the corresponding equilibrium vapor pressure. 

Alternatively, Peq may be determined from the ee Peq = exp(-A |СТ/АТ). 


See Section 5.5. 
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Example 5.3.5 Taking the following typical example, justify the fact that the sulphide ores are generally 
roasted to oxides for the extraction of metals instead of being reduced directly. 
— AG A H AS 
о kmo Клюг! ЈК оГ 
2ZnS(s) + C(s) — Zn(s) + С$.(ф) 469.7 528.6 1582 
2ZnS(s) + 30,(g) > 2ZnO(s) + 2S0,(g) -834.4 . -8790 -146.9 
2ZnO(s) + C(s)  2Zn(s) + CO,(g) 2422 303.1 203.8 
Solution 


The reduction of ZnS with C is an endergonic reaction (A,G = +ve) with positive value of 
both A,H and A,S. This reaction will be feasible only when T AS becomes greater than 


А.Н. Assuming A,H and A,S to be independent of temperature, the temperature above 
which this reaction will be feasible is given as 


y = МН _ 528.6x10" Jmol” 


=3341K 
"5 AS 15827K то! 


Similarly, the reduction of ZnO with C is an endergonic reaction with positive values 


of A,H and A „S. However, the temperature at which this reaction becomes feasible is much 
lower than 3 341 K. | 
AH 303.1x10° J mor" 


Т = = r-MSK 
9 AS 203.81! mol 


However, the coupled reaction, i.e. roasting of ZnS and simultaneously reduction, is 
feasible at all temperature as A,G is negative with negative value of A and positive value 
of A,S as may be seen from the following computation. 


AG AH AS 


r 


К то = kJ mol! JK тог! 


Reaction 


2ZnS(s) + 302(g) э 2ZnO(s) + 25008) — -8344 8790 - 146.9 


27nO(s) + C(s) > 2Zn(s) + CO,(g) 242.2 303.1 203.8 
Ade 


2ZnS(s) + 30,(g) + C(s) o -592.2 -5759 569 
2Zn(s) + CO,(g) + 2500) 


5.4 THERMODYNAMIC RELATIONS INVOLVING FUNCTIONS A AND G 


Relations The Helmholtz free energy is given by 
Involving the A- U- TS 


Function A 
Therefore dd = dU- Td$- S dT 
For a system involving only reversible q and p-V work, we have 
dU = dq, + dw = T dS - p dV 
Substituting this in the previous expression, we get 
дА = (T dS - p dV) - T dS - S dT 
--pdV-SdT | (5.4.1) 
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It follows from this that 
it) ay ма 
3), 7 (5.4.2) 
дА | | 
—| =-$ T 4. 
| ЭТ), (5.4.3) 
(2) Е (2) | | | (54.4) 
oV T д Т ү o 
Equation (5.4.4) is one of the Maxwell relations which was derived earlier (Eq. 
4.14.12) from the entropy dependence on T and V. Equations (5.4.2) and (5.4.3) Fig, 
describe how the function A varies with the change of V and Т, respectively. 
The negative signs in these two equations imply that the function A decreases with 
the increase in volume at constant temperature and with the increase in temperature | 
| at constant volume. | | Fig. 
Relations Involving The Gibbs free energy is given by 
the Function G G=H-TS 
| Therefore dG = dH- T d$- S dT (54.5) ` Prol 
Since H=U+ pV | Soli 
therefore dH 7 dU * p dV + V dp 
For a system involving only reversible g and p-V work, we have 
dU - T d$ - p dV 
Therefore dH = (T d$ - p dV) - p dV - Vdp- TdS +V dp 
Substituting this in Eq. (5.4.5), we get 
dG = (T dS + V dp) - T dS — S dT 
=Vdp-SdT (5.4.6) 
It follows from this that 
EJ ep (5.4.7) 
Op т 5.5 
T 
= Mee 5.4.8 
| (ar), 648) 
H | ЕЗ : (x (5.4.9) 
| i : | др Jy 97 J, 
ШЕ 


Equation (5.4.9) is another Maxwell relation which was derived earlier (Eq. 
4.15.14) from the entropy dependence on Т and р. Equations (5.4.7) and (5.4.8) 
describe how the function G varies with p and T, respectively. 

Equation (5.4.7) implies that the increase in pressure increases the free energy 
at constant temperature. The larger the volume of the system, the greater the 
increase in free energy for a given increase in pressure. Thus, the free energy of a 
gas, which has a comparatively large volume, increases much more rapidly with 
pressure as compared to that of liquid or a solid (Fig. 5.4.1). 
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The negative sign in Eq. (5.4.8) indicates that the function free energy decreases 
with the increase in temperature at constant pressure. The rate will be greater for 
gases which have larger entropies than for liquids or solids (Fig. 5.4.2). 


6 


Show that for an ideal gas undergoing isothermal reversible expansion AG = AA. 
The function G and A are given by 
G=H-TS and A=U-TS 
The function H 1s given by 
H=U+ pV 
Substituting this in the function G, we get 
G=(U+ pV) - TS = (U- TS) +ру 
or G=At pV 
Thus, for a process 
AG = АА + A(pV) 
Now for an isothermal expansion of an ideal gas, we have 
A(pV) = A(nRT) -0 as AT=0 
so that AG- AA 


5.5 RELATIONSHIP BETWEEN A,G* AND A,A° 


For a chemical reaction 
A.G° = Eva С (В) and A, =} vp4 (B) 
В В 


Since С= 4 t pV, we have 
Ga = Am + PV ny 
With this, AG? becomes 


A = 1658) УВ) + РУ] 
Taking pV,, = 0 for condensed phase and pV, = RT for gasesous phases, we have 
A,G = Y vy AL (В) + Zn RT 
B po xu 


AP (AV,)RT 
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where A v, is the change in the stoichiometric numbers of gaseous species in going 
from reactants to products. 


Example 5.5.1 A,G? at 298 K for the following reaction is — 3.202 MJ mol. 


Сени) + 7. 0да) э 608 + 3,00) 


Find A,A° at 298 K 
Solution For this reaction 
1 
Av, = ee 
‚5 2 2 


Now — AG - Auf € A (pP) = А, + (Av,)RT 
or A; A° = A,G° – (Av, )RT 
Substituting the given values, we get | 
A,A° = – 3.202 x 10° J mol — {(-1.5) (8.314 J K mol”) (298 K)} | 56 
(02-3200 х 108 J mol! + 3 716.36 J mol! 
=- 3.198 3 x 105 J mol! = – 3.198 3 MJ тог! 


5.6 PRESSURE DEPENDENCE OF FREE ENERGY 


Although the change in free energy is useful as a criterion of equilibrium for a 
system whose temperature and pressure are constant, we need to calculate the 
changes in the free energy as a function of these variables. Here we derive the 
relations corresponding to the pressure change at constant temperature. 


The variation of free energy with pressure as given by Eq. (5.4.7) is 


0G 
D 
р 
T Exa. 
or dG = V dp (T constant) (5.6.1) 
Integrating this within the limits p, and p», we get Solu 
[ас = [rà (T constant) (5.6.2) 
Pi Pi 
For Condensed The volume occupied by condensed phases (liquids and solids) is nearly independent 
Phases a of pressure. Therefore, on integrating Eq. (5.6.2), we get | 
Gy - GEV (py - p) | 663) | 


where G, and С are the free energies at pressure p, and р, respectively. Since 
the volume occupied by condensed phases is small, unless the pressure change is 
very large, the right hand side of Eq. (5.6.3) in negligibly small. Thus, the pressure 
dependence of free energy for condensed phases may be ignored and thus G may 
be regarded to be temperature dependent only, i.e. 


G-f(ü) or CCT, p) = C) (5.6.4) 
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Here, the volume is related to the pressure through the ideal gas equation 


pott 


p 
Substituting this in Eq. (5.6.2) and integrating, we get 


AG =G,- G, = nRT In 22 (5.6.5) 
| Р, 
In terms of volume change, we have 


Аб = nRT ШЇ (5.6.6) 
2 


A 


Calculate AG for the conversion of 3 mol of liquid benzene at 80 °C (normal boiling point) 


to vapour at the same temperature and a pressure of 0.66 bar. Consider the vapour as an 
ideal gas. 


The transformation 
Benzene(1, 80 °C, | bar)  Benzene(g, 80 °C, 0.66 bar) 
may be brought about by following the two steps given below. 


Sten 1 3 mol of liquid Reversibly at 3 mol of benzene 
P benzene boiling point | vapour at | bar 
80°C and at | bar 
AG=0 
Sten 2 3 mol of benzene 3 mol of benzene 
ер vapour at | bar at 80°C vapour at 0.66 bar 


p) el el 0.66 
AG = nRT In — = (3.0 mol) (8.314 J K^ mol) (353.15 K) In EN 
Pi 


= — 3 660.0 J mol! = -3.66 kJ mol”! 


Calculate the free energy change in the freezing of 18 g of water at 263.15 K, given that 
the vapour pressure of water and ice at 263.15 K are 0.287 Pa and 0.260 Pa, respectively. 
The crystallization process 

H,O(1, 263.15 К) > H,O(s, 263.15 K) 
can be replaced by the following three reversible steps. 


Step 1 H,O(1, 263.15 K, 0.287 Pa) TE H,O(g, 263.15 K, 0.287 Pa) 


263.15 K and 
0.287 Pa 


For this process A Сү = 0 since the evaporation is reversible in nature. 
Step 2 H,O(g, 263.15 K, 0.287 Pa) — H,O(g, 263.15 K, 0.260 Pa) 
The free energy change in this process is 


AG, = RTIn 22 
Pi 


260P 
= (8.314 J K^ mol) (263.15 K) (2.303) x log t : 3 


0.287 Pa 
= -216.198 J mol! . 
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Step 3 H,O(g, 263.15 K, 0.260 т) Em H,O(s, 263.15 К, 0.260 Pa) P 
263.15 K and 
0.260 Pa 
Again for this process A Gry = 0, 
The total change in AG is 
AG = AG; + AG + Абр = Абу = -216.198 J mol 
Sc 


The Standard Free The standard free energy G° of a substance at a given temperature is the free 
Energy energy of the substance at | bar pressure.! Since the pressure has been stated, it 
| may be noted that the standard free energy is a function of temperature only. The 
free energy'of an ideal gas at pressure p relative to the standard free energy can 

be obtained from Eq. (5.6.5) by substituting p, — 1 bar. Thus, we have 


G(T, р) = GT) + nRT In (Л bar — (5.6.7) 

d. Ж Оа ао | 
Р n 

or (Т, p)= u°(T) + RT In (p/1 bar) (5.6.8) 


where LL is the free energy per mole of the substance and is called the chemical 
potential. Figures (5.6.1) and (5.6.2) show the variations of  — u° for an ideal 
gas with (p/1 bar) and In (p/1 bar), respectively, 


2RT 
0.9 | 
0.6 5 
и-и | ВТ 
0.3 | 
In (р / 1 bar) — 


и—и°/2.303 RT —> 


0 
3 4 -2 -] l 2 
+0.3 p! l bar > 
-0.6 — RT 
-0.9 
\ 
—2RT 


Fig. 5.6.1 Variation of р — р for 


“an ideal gas with p/1 bar Fig. 5.6.2 Variation of р — р for an 


ideal gas with In (p/1 bar) 


{ Prior to the recommendation of 1 bar as the standard-state pressure, the value used was 
| atm (= 101.325 kPa). This change causes the changes in Gibbs free energy by an amount 
- (0.109 J K 5 T Av,, where Av, is the change in stoichiometric number of gaseous species. 
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Problem 5.6.1 For an isothermal reversible expansion of a van der Waals gas, show that 

0 AA = ВТ Шт т Гаи -na Eee d 
b EE | | iH 
(ii) AG--aRT fe ap. CER E dil 

(KW -nb Mo dag: V,-nb V -nb | 

Solution (i) From Eq. (5.4.2), we have H 

D 

M) 
or . d4--pdV (T constant) 


For the. van der Waals equation, we have 


y. ү, „2 E 
Hence ЛА = -| А + | K arson A nta 


,V-nb h V V, - nb V, | 
(ii) From Eq. (5.4.7), we have 
БЕ 
др Jr 
or dG=V dp (T constant) 
or АС = Јур | (Eq. 5.6.2) 


While evaluating the integral, it is convenient to replace dp in terms of dV. The van der 
Waals equation of state is 


_ nRT та 
P ae 
2 
Therefore = – us zd Mii 
(V - nb) V 


Vim 2 
ag -ner [ i wr] Map 


у (V пр)? Л ү? 
` 5^ y —nb+ nb № 2а 
- nr | о av dy 
A (V — nb) | 
2 р, | D 
--u | : вт D TA) 212 dy 
yV-n y, (V - nb) y V 


p. «4 
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5.7 FUGACITY FUNCTION AND ITS DETERMINATION FOR REAL GASES 


The Fugacity 
Coefficient 


The Standard State 
of рої Real Gases 


In principle, the integration over pressure in Eq. (5.6.2) can be carried out if the 
equation of state of a real gas relating V with p is known. This procedure will, 
however, depend upon the nature of the gas. G. N. Lewis removed the above 
dependence by proposing an alternative procedure which does not depend upon 
the nature of the gas. In order to keep the form of the resultant expression as that 
of an ideal gas (Eq. 5.6.5), a function h called that fugacity of the real gas, is 
defined such that 


AG = Gy - Су = nRT A 
f 1 


or AU = My — fy = RT in 2 (5.7.1) 
fi ; 

The fugacity f plays the role of pressure and need not be equal to the actual 
pressure of the real gas. Thus, it may be known as corrected Desau which applies 
to real gases. 


In general, the fugacity of a real gas is related to its pressure by an equation 


] 

mm y 

р 
where У is known as the fugacity coefficient and is a measure of deviations of a 
real gas from the ideal gas behaviour. Since all gases approach ideality in the limit 
of zero pressure, it is obvious that 


lim Um = lim y zl (5.7.2) 
po0p рэд 
The fugacity is expressed in the same unit as pressure and thus the fugacity 
coefficient is a pure number. 


The chemical potential of a real gas at fugacity f relative to that at standard-state 
fugacity f° as given by Eq. (5.7.1) is 

н =? + RT In (07°) 
where u and u° are the chemical potentials at fugacities f and f°, respectively. 
Substituting fin terms of p in the above equation, we get 

U= +RTin (p/f^) + RT In y (5.7.3) 
Since the first two terms on the right hand side have the form of chemical potential 
of an ideal gas, it can be said that the third term measures the deviations of a real 
gas from ideality. If whole of the deviations are to be ascribed to y, it is obvious 
that Ш° in (5.7.3) must be identical with that appeared in Eq. (5.6.8) which is 
applicable to ideal gases, i.e. 4° of Eq. (5.7.3) must have the characteristics of an 
ideal gas. Thus, the standard state of a real gas is, in fact, some hypothetical state 


in which the gas behaves ideally at f° = 1 bar. 
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Equation (5.6.1) is applicable for all substances. Expressing it in terms of molar 
quantities and then using Eqs (5.6.5) and (5.7.1) separately, we get 


Р) р 
| 23 ideal dp = Up, ideal -H p,ideal ^ RT In = 
D D 
D 


1 


р 
|, Каа dp = Up, real ~ Ip, real = RT In 


Taking the difference, we have 


1 


f. (V, m,real — Уа) = RT ln 


hn Di 
or RT m| AA а) 
] [2] 4 7, | P ( то, real пива) р 


Let p, be allowed to a zero value, then from Eq. (5.7.2), we Et 


TET 
fi 


Pi 


With this, the previous equation becomes 


RT In a j. (Vas eut 7 V idea) dP (5.7.4) 
2 


Now for a real gas 


ght RT 
шы А p =ZV, m, ideal and V m,ideal ^ 7 


where Z is the compression factor. Introducing this in the previous expression, 


we get 
In 2. = | = (5.7.5) 
p» 0 p 


The integral over p in the above expression may be performed graphically if the 
data on Z (or V p) are available in numerical tables or analytically if the analytical 
expression for Z(T, p) (or V in terms of p) is available. 


In general, the value of f depends upon the value of Z. If Z is less than one, the 
right hand side of Eq. (5.7.5) will be negative and hence f; wil! be smaller than p». 
On the other hand, 1Ё Z is greater than one, the right hand side will be positive and 
hence f) will be greater than p». For most gases (except H, and He), Z is initially 
less than one but becomes greater then one:at higher pressures. For such gases, f is 
initially less than p and becomes greater than p at higher pressures. These effects 
may be correlated with the van der Waals constants a and b. At lower pressures, 
where the attractive molecular forces predominate, the van der Waals equation for 
one mole of the gas takes the form | 


Жа, 


Problem 5.7.1 


Solution 


m 
pF a 
‚ Z= == |- 
6 T EAT 
bé. Z«1 


Hence, f less than p is due to the constant а (the molecules tend to stick 
together) At higher pressures, where the excluded volume plays the dominating 
role, the van der Waals equation takes the form 


(p) (V, - b) = RT 

PU p 

= —==]+b— 
or . RT RT 
Ге. L»l 


Hence, f greater than p is due to constant b (the repulsive part of the 
intermolecular potential dominates and the molecules tend to fly apart). | 
Thus, the neglect of the term b in van der Waals equation makes f less than p 
and that of a makes it greater than p. | 


Show that if equation of state for a gas is 
p(V,, - 5) = RT 
where b is a constant, the fugacity of the gas is given by 
ide 
p RT 
Also show that if bp/RT is small (applicable at low pressure) this equation reduces to 


UNE S 


P [ае 


where Без] 15 the pressure the gas would exert if it were to be ideal but with the same 
molar volume as the real gas at pressure p. 


We have p(V., - b) = RT 


or Z= Pin =1+ 22 
RT | RT 
Substituting this in the relation 
p. 
pba [2-5 
p 4o p 


and integrating the resultant expression, we get 


In / ay or fe exp(bp/RT) 
| р КТ р 
If bp/RT is small, we may write 
f E 1 + bp = RT + bp 
p RT. RT 


From the given equation of state, we have , 


to stick 
jinating 


es to 


the same 


Problem 5.7.2 


Solution 
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RT + bp = pV y 
ү 
Непсе / = ЕЗ аы 
р RT) раа 


2 
or PAS Dia 


that 15, pressure of the gas is the geometric mean of the ideal pressure and fugacity. 


The fugacity of a certain gas 1s given by the expression 


by 2 
f= pt ap 
in which a is a function of temperature. 


(a) Show that the gas must obey the following equation of state 


(b) Also show that 


e) "rasan 
Әр @+ар)?\4Т | 


(a) We have 
f= p+ ap 
or ар ог be ea) 
р р 
PZ-] 
Since 4. | ——dp (Eq. 5.5.13) 
p 40 p 
р PZ-\ 
we have h( aps | = | — dp 
o l+ap о р 
Thus a _Z-1_ Unna) =! _(У„р/КТ)-1 
l+ap p p p 


Hence Р Ор 
RT l+ap 


(b) Substituting the given expression of f in the relation 


w= p+ RT In (f/f?) 
we get д= р + RT In {p(l + ор) / f^) 
ог nae Rin (ріж ap) f°) 
Differentiation of the above expression with respect to T at constant p gives 


Car), Car), ep ar 
ar J, V OT J, l+ap\' dT 


Making use of Gibbs-Helmholtz equation (see, Problem 5.8.1), we get 


Dw 


los tana senna rahe улыт ЕСЕР НОДА ЩЕК 


PRM RTE SS TETAS TM nt T SEAT NIT Tie temen m mt rm et т 


CHASER HAMA iet ROAR eR PNIS erret 
M AETHER EQ ола 


Р ОН ($) 
T? T? 1+ор\4Т 


. 2 
d 
= Hy= Hy febr 
l+ap\dT 


Differentiation of the above expression with respect to p at constant T gives 


Басат 
и | =—RT?| — : ; 
op Jr dT/)\l+ap (it+ap) 
каты | 
| (1+ ap)’ \dT 


Problem 5.7.3 A function a(T, p) is defined as 


0 = Vn, ideal ~ Vin, real | 
where Vn, ideat and Ул, те are the molar volumes of an ideal gas and a real gas at the same 
T and p, respectively. Evaluate the function æ for the general equation of state 


р e 2 

— z]eBp* Cp + 

RT ртыр 

Further show that the fugacity of the gas is given by the expression 


2 
In (f/ p) = Bp +P 


Solution From the given equation of state, we have 
RT 
Vin, real ~ pu + Вр + Cp’ + 9) 


Substituting this in the equation 
| “ЁТ 


a= Каар РЕ т 


т, real 


RT RT 
we get a= ———-——(1+Вр+ Cp’ +++) 
p p 


| or а= -(ВКТ + CRTp + +) 
\ Form Eq. (5.7.5), we have 


P | zal [5 а аа)! 
In-= — dp = ———————— dp 
p 4o p 0 р 


POV al Га; pe 3s 
a rd -@ dp=-— [Раф 
Т o (RT/ p)p RT -0 


Substituting the expression of a and carrying out the integration, we get 
Cp! 
In (f/p) = ШИ эз 


Problem 5.7.4 
Solution 
ame 
\ 
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Show that for a van der Waals gas: | 
(a) w(£]-u EUN, 8 | 
р PV rn E b) Vin -b КТ» | 


(b) «(4 ]-- 2. ‚Р, ар 


p) (RT RT XRTY 
(a) We have 
RT In I - [* (V, - V uadp (Eq. 5.7.4) 
ij pom | 
= рф | | (678) 
0 ор 


While evaluating the first integral, it is convenient to replace dp in terms of dV. The 
van der Waals equation of state for one mole of the gas is 


Lor Ж 
Рту ү? 
Therefore dp = – = -dV, +“ dV, 
ДЫ) Va 


Substituting dp in Eq. (5.7.6), we get 


Va 
aT int =- -[ А dy af zda RT n p 
р (V,, =) А | 


6099 


ү 
п 2a р 
ар + | Lay, -RTh 
(р " |. p^ P, 


Ls Vn Va 
--| T M -f Е ‘| rad, RT ln p 


MU (V, - b. 
А Vn , Vm 

= -RTh(V,-b)| + SEED -RT n p| 
&. Ua cb). Vals 7 


Combining first and fourth terms on the right hand side before inserting the limits, we have 


yo. ү A 

т " 9g" И 

RT In I - - RT р, b) M cee | 
po ls. Ua. Ful т 


Remembering that - 


lim p(V, ~5)= pV, = RT 
а 2% 
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we have | | T" 

RT n= - RT In ip Om VRT} + MD. uod 

p Esos Ve, 
b 2a 

n= Vi ~ BURT} + = 
с mia тру 
ог ТОЛЕ Би РЕ АРЕ a EIN 

p \p¥,-b)) V,-b V,RT 


(b) For one mole of thè gas, the van der Waals equation is 


or |] ри - pb+—-— = RT 


To the first approximation V in the correction terms may be replaced by RT/p. Thus, we have 


2°: 
ЛЫ Е ИЕ ЕЕ 


"RI (ЁТ)? тей RT (ЕТ)? 


|a apb 
Now V ideal ~ 9 real 7 1 B RT + (RT). | 


In tee zh (V, m,ideal - Vs. real )dp 
р 


aN a, abp _ _ ap abp’ 
we get ar 73 н RT (ry Je; PL ga (5.7.8) 


Example 5.7.1 Calculate the fugacity of n-octance (a van der Waals gas) at 430 K and 2 bar. Given: a = 
3.8 x 10? bar mî mol” and b = 2.37 x 10% m? тог". 
Form the E 


u 


| 
i 
| 
| 


EE li 
: 5 H 
d. à 
YT H 
a 
3 
Lg 
WS {| 
m 
$ i 
LR | 
$1 
di M x 
КЁ a] 
ГЕИ 
$1 
Tl: 
Я q А 
d 
t i 
Ig)! | 
ү ne 
jc 
t: 
ЛШ 
LE i : 
Е: Ы 4 
3 i 
re 
^ 1 
bees | 
[ETE 
ЖР 
ЖҮР, 
Ше] ' 
| 
$: 
[ч 
| 
Y 
LE 
iH 


Dm 


Solution 


ee 


re bp ар Т abp’ 
t ORT (ВТ) ARTY 
X d we get 
р (231x10^m? mol) bar). 


ul Au Le eed T rs 
RT  (8314x10? bar m К^! mol )(430 K) 


ар _ (3.8 x 107 bar mî mol”) (2 bar) 


= 5,946 x 107 
(RT)? {(8.314x 107 bar m? К”! mol) (430 K))? 


2 


abp — (38x 107° bar m$ mol”) (2.37 x 10% m? mol ')(2 bar)? 
ARTY 2((8.314 x 10? bar m? K™ mol) (430 K)} . 


= 3.942 x 10* 


(5.7.7) 


ve have 


(5.7.8) 


ven. a = 


CR, 


Problem 5.7.5 


Solution 
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In (f/ p) = 1.326 x 10? — 5.946 x 10? + 3.942 x 107 
= 4,581 x 107? 


Hence L -0.955 or f= (0.955) (2 bar) = 1.91 bar 
P 


The expression for the variation of fugacity of a pure gas with temperature may be obtained 
by differentiating the expression 


lb - Щщ ИЙ eR Ip) 
(a) Show that the desired expression is 


| Е НЫ 
р 


(Eq. 5.7.1) 


oT RT? 


where Hi is the molar enthalpy of the gas at zero pressure. 
(b) Evaluate НО — Н, for one mole of a van der Waals gas. 
(c) Evaluate Eu - C, for one mole of a van der Waals gas. 
(а) We have 

Ib - py = RT In (f / p) - RT In (fi / p) 


7 - Le Rin (hip) Rin fp) 


Differentiating with respect to T at constant p, we get 
E (Жн) 20 ZEE p) 
oT j, oT j, Т 2 Т 2 


Fam + Hi m Е 28020). (=a 
р р 


Thom oT oT 


At zero pressure, f, — р and hence E E 
p 


At zero pressure, we may write Hy m as H A Dropping the subscript 2 and rearranging, 
we get 


д1п(// H? -H 
теп 2 „Заа (579) 
I" RT 
(b) For a van der Waals gas, we have 
5 | 
nl- 2 , bp, ОР (Eq. 5.7.8) 


р (TY RT ARTY 


2 
Thus р) э ы. 
EIS КГ RT 22 ЮТ 


0 Т 
Hence . Hy 7 Hg _ ар bp _ Jabp 


RE CIT OD DET 


\ 


ent Án: 


(5.7.10) 


Problem 5.7.6 The pressure dependence of the quantity H? — Н, for a pure gas is 


ы) 
' др Т. др Т? 


! T 
because (aH? lop), 15 zero as Н d is the molar enthalpy at fixed (zero) pressure. Now Я 
{Hy - Ha) 
Thus MI = Сат ET 
Making use of the above relation, drive the expression for Шут for а van der Waals gas. 
Solution For one mole of a van der Waals gas, we have 
Ho _ 2ар _ _ 3abp 
od: "s 
| . 
Непсе шла ОЕ b- 200 
др ЕГ 
1 (2а а 
ccce ыссы 29. 
Thus Ат C,. E pr | (Eq. 2.9.3) 
9.8 TEMPERATURE DEPENDENCE OF FREE ENERGY 
The change in the free energy with temperature at constant pressure as given by 
Eq. (5.4.8) is 
| 
—| =-$ 5.8.1) 
El | 
\ From ће definition of С (= H — TS), we have 
G-H | 
-§ = ——— 5.8.2 
7 (5.8.2) 
Substituting this in Eq. (5.8.1), we get 
-H G 
E к or G=H+ (2) (5.8.3) 
oT /, T | of» 
| T b ex Co 
Gibbs-Helmholtz In actual practice, one commonly employs the relations which give the variation AC 
` r 


Equation їп A,G with temperature. Such expressions can be conveniently written starting 


\ 


5.7.10) 


"6k. 


Now 


. 2.8.3) 


gas. 


(5.8.2) 


(58.3) 


ariation 
starting 


Temperature 
Dependence of 
A,GIT 


Computation of 
Аб at Some Other 
Temperature 
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from Eq. (5.8.1) with the replacement of G-with A,G and that of S with A,S. 
Thus, we have 


em ТЕ AG - AH (584) 

дТ ), Т. 

or AG=AH+ |9 2 mE (5.8.5) 
M 


This equation is- known as the Gibbs-Helmholtz equation. 


To calculate the value of A,G at one temperature from a known value at some 
other temperature, it is more convenient to make use of the temperature dependence 
of A,G/T, rather than the temperature dependence of A,G itself. At a constant 
temperature, A,G =A. - T A,S, so that 


AG AH-TAS АН 
2m co Len VAS 
Ed T T 


Differentiating A,G/T with respect to temperature at constant pressure, we get 


ко (Rm (283) 
Т H A т Je 0. 


"cr «ion хаю) em 
T? TA cU. 95 9T 5, 


Employing Eqs (3.11.1) and (4.24.2), we get 


AC, A 
ad -AH AC, AC, АН (5.8.6) 
oT 7? Т Т Т? 


20 -AH 
~(1/T")oT Е 
| =- T dT. With this, the previous equatoin becomes 


(A,G/T) | 
GT _ 5.8.7 
| 001/7) | d me 


If AH is independent of temperature, the plot A,G/T versus 1/T will be a 
straight line with slope equal to Д, А. If A,H depends on temperature, then the 
slope of the plot at 1/T gives A,H at temperature T. 


While using Eq. (5.8.7) to calculate the value of A,G at one temperature from a 
known value at some other temperature, two cases may be distinguished. 
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А.Н independent of temperature In this case, we have 
Е = ALT ат (р constant) 


Integrating this, we have 
AG AH 


P P 
or AG 7 AH * IT 
where is the constant of integration whose value may be calculated from the 
value of A,Go at the given temperature То. Thus 


tl. 


Substituting this in the previous expression, we have 


ОҢ ОО | 
A.G=A,H + т (AG) - A,H) (5.8.8) 
0 
Example 5.8.1 For the reaction М, (@) + 3H, (g) - NH, (g), A Gig = - 16.45 kJ mol and А„Ндок © 
= — 46.11 kJ mol”. Estimate the value of Абук if A,H? is considered independent of | 
temperature. 
Solution From the expression 


AG? = АН + 76; - AH?) 
0 


500K 


— — |(-16.45 kJ mol! + 46.11 kJ mol) 
298K 


we get AG; = -46.11kJ mol! + | 
= 3.66 kJ mol! 


А.Н dependent on temperature The expression relating А „Н with temperature 
may be derived starting from Eq. (3.11.1), which gives 
E ) 


SAC 
rae 


or d(A,H) = (A,C,) dT (p constant) 

The variation of A,C, with temperature is, as usual, given by the expression 
A.C, = (Да) + (A,B) + (Ао)? + + 

where (А а), (Аф) and (A,c) are constants. Substituting this in the previous 

expression and the carrying out the integration, we get 


p T^ 


A= (Ат (8) + (Ae) K, (5.8.9) 


—— M M— ———MM M M Mu ES — ÓÀ t 


where Кү is the constant of integration, whose value may be determined from the 
known value of A,H at some temperature T. Let АН = АН, when T= Ty. Then 


\ 


os 
^ Rime 


ym the 


(5.8.8) 


[e] 
Н 298K 


ident of 


jerature 


ion 


revious 


(5.8.9) 


rom the 
0. Then 


Example 5.8.2 


Solution 
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| TE n | 
А.Н, = (А,а)т + (A, DRE. EET "+K, 


Е 7 T? 
Thus K,=(A,H))- (aai t (A, Ж +(А, 93 te + 
Substituting Eq. (5.8.9) in Eq. (5.86), we get 


[кает] -.AH (Ag) (Ab (AOT К 
gd ws 3 3$ 3 T? 


L 


which on integration gives 


AG Ab, AcT? K 
A ccu en Pea ре +l K; 
T K 2 3 2 T 
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(5.8.10) 


where K, is the constant of integration whose value may be determined from the 
known value of A,G at a certain кш: T. Let A,G = A Go when T = Т, 


Then 
AG, Т 

0 e no Mns S ndun E 
T K 2 6 Т, 


Ку = 


For Н,0(1) > B50(g) 

A Gggg = 8.596 kJ mol! and 

A AIS mol! = 57 086.5 — 45.327 (T/K) + 4.966 x 10° (ТК) 
Compute A Озок: 
Gibbs-Helmholtz equation is 

ш _ АН 


oT r 


or d(A,G/T)» - 


AH 
3 (p constant) 


ie. d(4,G/T)= -316708651 mot") - (45.327 J mol!) (T/K) 


+(4.966 x 10? J тог!) (T / Ky] dT 
Integrating this, we have 


AG 57 086.5 J mol" 


£3 + (45.327 J mol! K^ )In (T/K) 

- (4.966 x 10? J K? mol) T +K 

where К is the constant of integration, the value of which can be calculated from 
T-298K ‚ АС = 8.596 kJ mol! 


\ 


(5.8.11) 


290 A Textbook of Physical Chemistry _. 


Example 5.8.3 


Solution 


3 -1 -1 
ней к.=5596х101) 510865 I m0 (mol KC) 


298 K 298K 
x 2.303 x log (298) + (4.966 x 10? J K? mol) (298 К) 
= (28.846 – 191.565 — 258.23 + 1.480) J K! mol! 
= 419.47 J K! mot! 
Therefore, the dependence of ^,G on temperature is given by 
A,G/J mol! = 57 086.5 + 45.327 (TI K) In (T/K) - 4.999 x 10? (Т/К)? 
| | - 419.47 (T IK) 
Thus at 380 K,, we have 
A Gs! J mol"! = 57 086.5 + 45.327 (380) (In 380) 
| - (4.966 x 1073) (380) — 419.47 x 380 
= 57 086.5 + 102.315.05 — 717.09 —159 398.6 = — 714.14 
A Gygax. = — 714.14 J mol! 


For a chemical reaction A HSogx = 195.267 kJ mor! and A Googx = 160.917 kJ mol ! 
and A,C, is given by 

A,CJI K mol! = —54.183 + (15.69 х 103 К) T- (2.105 x 10° KT? 
Derive the expression for A,G? as a function of T. 


We write the given expression of A,C, as 


A C, = (Ag) + (A) T+ (Ас) T? 


where (A;a) = -54.183 J K ! molt, (А,Б) = 15.69 x 10? J K? mor! 
(A,c) = -2.105 x 10° J K mor! 
Now we have 
d(A,H) = (A,C,) dT (p constant) zi 
= {(А а) + (Ab) T+ (Ас) ?) dT 
Thus — AH -(Aa)T + ay Е (Aol K, (5.8.12a) So. 


where Кү is the constant of integration. 
Now, from Gibbs-Helmholtz equation, we have 


(5) дыз e |“ г 

Т Т Т 2 DUX 

pu el - (Aa) In (T/K) - (4,5) 7 _ о кы (5.8.12b) 
T 2 ee 


where K, is the constant of integration. Hence 


(AB. (A91 
2 2 


AG - -(A,a)T In (T/K) - atk +? 


The expression of Кү as given by Eq. (5.8.12a) is 


` b) 


K,=A,H - (A,a)T -=T + (A, д 


К) 


8.12b) 
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From the given value of A,H of 298 K, we have 
K, = 195 267 J mol ! – ( 554.183 JK mot) (298 К) 
15.69 x10? J K? mol! 
ды кш) (298 К)? +(—2.105х10°7К у= 
m | (298 K) 
= [195 267 + 16 146.5 — 696.67 — 706.37] J mor! 


= 210 010.46 J тог! 
The expression of K, as given by Eq. (5.8.12b) is 
K, = | AG arii) Edr аа 
| Т | DUUM 2 T 
From the given value of A С at 298 К, we have 
| ГЕ 
К, = 1609177-(-54.1837К71)0298 К) Q98) + 13:9 X10 TK) 
(298 К) | n c 2 
ft: 5 
ходову + AN XID TE) — I 010010467 mol! - 
2 (298 K) 
= _1 (6 917—91988.3 + 696.67 — 353.19 — 210 010.46) J mol! 
(298 K) | 
= 472.28 J K mol”! m 
Hence, the expression of A,G as a function of T is 
15.69 x 10? J K” mol”! 
А.б = (54.183 J К mol )T In (T /K) - — ОЕ же): 
5 -1 
GMT ES - + (210 010.46 J mol) – (472.28 J K^! тог) 
Problem 5.8.1 Show that 
aen] =й 
0/7) Ј, 
Solution Starting with the differentiation of G/T by T, we have 
а-а 
Т |, ƏNT 
CG. o 
md zr E 5 God Ep ep 
N p^ qe МОТ. dec X d 
H 
mp" 
(GIT 
or ка Д ) =H 
-(/T^yr ), 
Since (1/7) =- (1/ T) dT therefore, we have 
AGIT) | _ acm _ 
-q/T»or), (91/7) J, 
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Problem 5.8.2 Show that | © 
а. | yes "20 2) 
i) A=U4+T - (ü) AA=AU4+T 
() E , 08 r) 
o(A,4/ А í 
i D) -A y (HAD) м 
oT T д1/Т) 
Solution (i) We start with the expression 
СЕ 
07 Jy s 
From the definition of A (= U - TS), we have 
$470 
| I 2 | | 
РШЕ this in the previous expression and rearranging, we get | 
As LE | (5.8.13) 
oT Jy 
(ш) Replacing A and U by A,A and AU in Eq. (5.8.13), we get | 
A,A=A a(S (^, E (5.8.14) 
oT Jj, | 
(iii) Dividing by T in the expression - 
A,A=A,U-TA,S 
we get BAS 
T T 
Differentiation of the above equation with respect to temperature at constant volume gives 
GA " arm А pen | 
oT Jy oT jy oT Jy 
1 1 [940 д(А,5$ 
ays аы) uu 
T T | oT y oT y | 
Employing the appropriate forms of Eqs. (2.4.9) and (4.14.6), we реї — 
Q(A,A/T ) AU AG, AC, AU 
———;› = -—— 4+ - — lM 5.8.15 
| T у TI T T T: ( 
s (iv) Equation (5.8.15) may be written as | 


ЕА "T 
-(UT^gT), ' 


Since B = wu therefore, we have 


SAA AID _ | | 
| д1/Т) | =a (5.8.16) 


(5.8.13) 


(5.8.14) 


ne gives 


5.8.15) 


(5.8.16) 


Í 
p 


Problem 5.8.3 


Solution 


Example 5.8.2 


Solution 


Arithmetic Method 
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Variation of A,G of a reaction with temperature can be obtained by integrating the equation 


r2 __ 
v 8 AS (5.8.17) 


where Л 5 of the system can be obtained by integrating the equation 


| pol АС, 
oT], T 


With the help of the above two expressions, derive the following expression. 


AG =1,- C, [rn Jc, pum 


1 


where J, and Г, are the constants of integration. 


: | © AC 
Since кч | =——Ё 
ar), Т 


АС 
ме have d(A,S)= TY (p constant) 


Considering A,C, to be independent to temperature, on integrating, we get 


A $- AC, In " #1, (5.818) 


where / is the constant of integration. 


Substituting the above expression in Eq. (5.8.17), we get 


d(A,G)- -lac ; Z + nar (p constant) 


On integrating, we have 
T 
A,G= |А, ra AC, r) -[T+I, 


T 
or AUC aad are а (5.8.19) 


where J, is the constant of integration. 


It is possible to supercool water without freezing. 18 g of water is supercooled to 263.15 K 
(-10 °C) in a thermostat held at this temperature, and then crystallization takes place. 
Calculate A,G for this process. Given: 
С(Њ0, 1) = 75.312 J K" mol". СНО, s) = 36.400 J K! mol” 

А Н (at 0 °С) = 6.008 kJ mol! 
The process of crystallization at 0 °C and at 101.325 kPa pressure is an equilibrium 
process, for which AG = 0. The crystallization of supercooled water is a spontaneous 
phase transformation, for which AG must be less than zero. Its value for this process can 
be calculated as shown below. | 
In this method, the given process 

H,O (1, -10 °С) 2 H,O(s, -10 °C) 


is replaced by the following reversible steps. 


i: B 
ig 
Dg 
Е Е 
OE 
vod 
if 
b йз 
LT 
Ed 
you 
15 
ү 
He 
1 
ч! 
ue 
й 
E 
3 
E! 
pi 
И 
a 
ү 
M 
і 
i 
Zi 


| 
| 
| 


addi AMA GENO TE 
Fic ier aries a RRC ER Шы 


i 
H 
t 
i 
D 
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(a) H,0(1, -10 °C) > H,0(1, 0 °С). . (0) 
273.15K | 
A H= | C, (D dT = (75.312 J K mol’) (10 К) = 753.12 J тог! 
263. 15K 
E (I 273.15K 
= p,m е -I -l ` 
A,S,= : dT = (15.312 JK mol jx n |218) 
263.15K 
= 2.809 J K! mor! 
(Б) Hj0(,0*C) -> H,0(,0°C) - (2) 


A H; = 6.008 kJ mol! . 


-l 
p s, = . 60081 mol ) 
(273.15 К) 


(c) H5O(s 0 °C) 2 Н,0(в, -10 °C) - (3) : 
263.15K | 


=— 21.995 J K! mor! 


А,Н,= | C, a(S) dT = (36400 J K mol) (-10 K) = -364.0 J mor! 
273.15K | | 


263.15K С ( ) 
$ 
AS; = p 


273.15K . 
--1358J]K mol! | 
The overall process is obtained by adding Eqs (1), (2) and (3), Le. 
H,O(1, -10 °C) > H,0(s, -10 °C) 
The total changes in A,H and A,S are given by 
АН= AH, + A + AH; 
= (753.12 — 6 008 – 364.0) J mol” = — 5 618.88 J mol! 
AS 7 AS, + AS) + AS, 
= (2.809 — 21.995 — 1.358) JK! mol” 
= — 20.544 J K mol! 
Now AG of this process is given by 
A.G=AH-TAS 
\ =-5 618.88 J mol! — (263.15 K) (- 20.544 J K! mor!) 


== 212.726 J mol 
Analytical Method We start with Gibbs-Helmholtz equation 


| 263.15 К 
dT = (36.400 J K! mol) x In | | 


273.15К 


(AGIT) АН | 
ate Шз j 
o(A,H : 
Now E -AC,- C, (ice) - C, (water) . 
p ; 


= 36400 J K! mol! - 75312 I К! mot! 
= 38.912 J K пог! 


\ 
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Therefore | : 
d(A,H) = — (38.912 J K mot") dT - (p constant) 
Carrying out the integration, we get 
AH = - (38.912 J K mol") T+T. (2) 
where J is the constant of integration, the value of which can be determined from the 
following data: 
At 0 °C, А.Н = — 6.008 J mor". Therefore 
T= А.Н + (38912 I K mol T. 
= — 6.008 J mol! + (38.912 J K^! тог!) (273.15 K) 
| = 4620.81 J mol’. 
Thus, the variation of A,H with temperature is given by 
|. A H= (4 620.81 J mol) - (38.912 J K тог) 
Sübstituting Eq. (2) in Eq. (1), we get 
I – (38921 J K ! mor !)T 
Т? 
Again, performing the integration, we get 


d(A,G/T) = - dT 


AG I -i al PN 
т + (889127 mor’) x In (T/K) +K 


where K is the constant of integration, the value of which can be determined from the fact 


— thatat T = 273.15 K, A,G = 0. Therefore 


o K= -- — (38.912 J K mol) x 2.303 x log (T /K) 


_ (4620.81) mol 
р | 273.15K 
=~ 16917 J K mol! - 218334 J K! mor! 
=~ 235.253 J К! mor! 
Therefore, the dependence of A,G on temperature is given by 
A,G = (4 620.81 J mol) + (38.912 J K тог!) T In (TK) 
— (235.253 J K! тог) 
At T=- 10°C, ie. 263.15 K, A,G is given by 
A. G»c is = (4 620.81 J mol) + (38.912 J K! mol) (263.15 K) 
х (2.303) log (263.15) – (235.253 J K mot”) (263.15 K) 
= 4 620.81 J mol! + 57 073.27 J mol – 61 906.83 J. mol! 


=~ 212.75 J mol ! 
Alternatively, Eqs (5.8.18) and (5.8.19) may be employed to compute АС for the freezing 
of supercooled water. We have | 
AS = A.C, In (TK) * I, (Eq. 5.8.18) 
At the normal freezing point (273.15 K), A,S is given by 


jg МН (6008 T mol") _ 31 995 J K- mol! 
f (273.15 К) 
Hence 7 = A, - A,C, In (T/K) 
= (- 21.995 J K! mol’) - ( - 38.912 JK! mol) (2.303) (log 273.15), 
= 196.34 J K! mor! 


| ~ (38.912 J K mol) x 2.303 х log (273.15) 
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The constant of integration J, in Eq. (5.8.19) can be obtained by making use of the fact that 
АС is zero at 273.15 K. Thus from Eq. (5.8.19), we get 
I, = A,C, T In (ТК) - (C, -1,)T 
Tu the data, we have — > 
= (- 38912 J K mot") (273.15 K) (2.303) (log 273.15) 
| = 38.912 J K mol! -196.34 J К^! mol!) (273.15 K) 
= (— 59 638.60 + 64 259.08) J mol! = 4 620.48 J mol”! 
Thus A,G at 263.15 K is | 
AG =1,- (A,C,)T In (ТК) + (А,С,-1,)Т 
‘= (4 620.48 J mol”) + (38.912 J K™ mot) (263.15 К) 
| х (2.303) (log 263.15) + ( – 38.912 J K! mor! 
— 196.34 JK! mot!) (263.15 К) 
` = (4 620.48 + 57 073.25 — 61 906.56) J mol! 
-= 212.83 Jmol! 


5.9 RESUME CONCERNING U, H, S, A AND 6 


the enthalpy, the entropy, the Helmholtz free energy and the Gibbs free energy. Of 
these five, Н, А and С, were developed by suitable changes of variables to create 
functions with special useful characteristics. АП the five are state functions and 
their differentials are exact. They are extensive variables. 


From the first law, we have the relations 


dU = dq - p dV (5.9.1) 
and | dH-dq*Vdp — (5.9.2) 
From the combination of the first and second laws, we have four equations: 
dU - T dS - p dV (5.9.3) 
dH = T d$ + V dp (5.94) 
dA - - $ dT - p dV (5.9.5) 
dG=-SdT+Vdp (5.9.6) 
Natural Independent We note that these equations give us the convenient independent variables (also 
Variables known as natural independent variables) which may be used for each of the four 
functions. These are 
. U- f(S, Y) 
| H = f(S, p) 
A= f(T, V) 
| and | G-f(T,p) 
Maxwell Relations Since dU, dH, dA and dG are all exact differentials, it follows that 
de Other Partial ШАШ "- ЛАШ 
erivatives  ! =1 an ==р (5.9.7) 


eJ al a t zy (5.9.8) 
S | $ 


We have so far established five functions U, H, S, A and G. These are the energy, 


Th 
Sq 


Fig. 
ther 
obta 


‘ther 


‘act that 


S |. = -$ . апі =. = 
IE: zo Vv), Р | (5.9.9) 
| zd | aG 
dxz|--8 and || «V 
s (ни sn 
K) Each of these equations tells us how one dependent variables changes with 
a change of one independent variable, keeping the appropriate variable constant. 
Applying the Euler's reciprocity relations to Eqs. (5.9.3) to (5.9.6), we get the 
most important relations, known as the Maxwell relations: 
| (2) -E | (59.11) 
E AOV Б 405 у | Е 
Е eu «(E | 5.9.12 
др}; 4952, ( Pie) 
д$ | (2) E 
—— rd ош р тал) 5.9.13 
E т T), po 
| д$ ду | 

energy, and -— =) = | | (5.9.14) 

ergy. Of Ze P 

o create All these relations are important because they equate the rate of change of 

ons and a particular quantity, (which cannot be determined experimentally) with those 

experimentally observable quantities of pressure, volume and temperature. 
The Thermodynamic The thermodynamic square (Fig. 5.9.1) is a mnemonic diagram that can be used to 
(5.9.1) Square obtain a number of useful thermodynamic relations. This was suggested by Max 
5.9.2) Born and F. О. Koeing and can be used for a system of fixed mass and composition 
| i involving only the work of expansion. 

E In this diagram, the thermodynamic functions U, H, G and A are placed on the 
p sides of a square and the corners of the sides contain their respective independent 
3) variables; U = f(S, V), H = f(S, p), б = fT, p) and А = f(T, V) 

(5.9.5) 
(5.9.6) $ Н р 
les (also 

"the four 

\ 
U G 
Fig. 5.9.1 The 
thermodynamic square to 
obtain a number of useful 
(59.7) thermodynamic relations 
V T 
А 


(5.9.8) 


И 
ka 
ч! 

Hd 
E! 
3 
id 
1 
E 
nq 
: 1 
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5.10 DERIVATIONS OF SOME THERMODYNAMIC RELATIONS 


(i) 


(ii) 


To write the differential expression for any of these functions in terms of the 
differentials of its natural independent variables, we need only to note that the 
coefficient of the differential of the independent variable is placed diagonally 
opposite this variable on the square. An arrow pointing away from a natural variable 


indicates a positive sign. Thus, we have 
dU=TdS-pdV . 
dH-Td$*Vdp 
dA 7» -SdT - p dV 
dG -—$ dT + V dp 


The Maxwell relations can be read off form the above diagram using the corners 


of two opposite sides of the square with the signs determined by the placement of 


the arrows. If the arrows are symmetrically placed, the sign is positive, otherwise 


it 1s negative. Thus, we have 


sus uae: (E) -(2) 
1аеѕ U an av JT : 


Sides H and A: =) = {= | 
др т \OT/, 


S, А and С. 
m .. T(opíaT), | 
QV ^ C, 


We start with Eq. (4.14.14), such that 


as - “ars (2) dV 
T aT 


| 


д 
aS 


E: 
д$ 


In this section, we derive a few thermodynamic relations ош Ше functions 


in 


oT 
QV 


=), (3) 
Г) 


" | 


For an isentropic change of state dS = 0. With this, the previous expression becomes 


C 
- n, (E | QV), 


oT 
EE z .. T(gp/aT), 
WV js Cy 
a _TQV 27), 
др js C, 


We start with a (4.15.15), such that 


aV 
d$ = Cp ar E J 
Т дТ dp 


(5.10.2) 


(iii, 
St 
Re 
Pr 


B3 


3 of the 
ihat the 
gonally 
variable 


: corners 
ment of 
herwise 


unctions 


(5.10.1) ` 


becomes 


(5.10.2) 


(iii) Equations of 
State for Adiabatic 
Reversible 
Processes 
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For an isentropic change of state, we get 


-© өг), | 0р), 


2)  TQV/aT), 
oT 5 


Фф С, 


Equations (5.10.1) and (5.10.2) can be used to derive the equation of state for ап 
adiabatic reversible process, involving an ideal gas since for this process, change in 
entropy during expansion or compression is zero. The required relations, which were 
derived earlier, can be rederived from these two relations as shown in the following. 


Temperature and volume relation Equation (5.10.1) is 


T 
Ej .. T(p/oT), (Eq. 5.10.1) 
For an ideal gas pV = nRT, therefore 
(2) .nR 
OT, V 
With this Eq. (5.10.1) becomes 
ыы 
VJs CV Су” 
or = = J ae (S constant) 
T Сув) Ў 
Integrating this, we have 
| RIC) п 
(Еа) * + 
Т ‚ Cra Д Т y 
RIC 
улер t m 
Thus у Я) ái prm = ie 
i № 
Hence T V" ^'^ = constant (5.10.3) 
Temperature and pressure relation We have from Eq. (5.10.2) 
T(gV / 0T 
| a (Eq. 5102) 
dP Js C, 


For an ideal gas pV = nRT, therefore 


ШЕ 
0T), p 


Using this relation, Eq. (5.10.2) becomes 


БР: 
др Js pC, PCy m 
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Rearranging, we get 
——=——— Ba (S constant) 


On. integration, we get | I T 
T | tu zur UC 
Aram) Cs т 
Д) Са Py : 1 | Py TM 


Lon "E pa: : -®/С,, =RIC 
or See o Тур; "hp 


qT! 4р, 
or Tp Com = constant (5.10. 4) 


Pressure and value relation Pressure- volume relationship can be наше 
starting from either Eq. (4.14.14) or Eq. (4.15.15). 


Writing Eq. (4.14.14), we have 
dS = Cr ar + E dV 
Т dT /y 
Taking ТГ -f(p, V), we have 


" ӘТ 
dT = d dV 
ei P ҷӯ) 


Substituting the above expression of dT in the previous expression, we have 


sap) 
* eme G 


For an ideal gas pV = nRT, therefore 
gr, (n.r 2 gn. 
Op Jy nR dV), nR oT jy V 


With these, we obtain 


С 
TEMA рај LA NL у 
TR R V 


(iv 
Eq 


A 


Dividing this equation by dV and introducing the condition of constant $ (isentropic 
process), we have 1 


A % 
0-27" neal Fa 5m ГИК 
| TOR TR YV 


\ 
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Rearranging, we have 


(2) _ (Сла p, nR\| TR |. |р nRT 
OV /; CE Oa] NV Ve Cp ce 


Separating the variables, we get 
| dp dV 
x im t y EIE; 
р 4 


Integrating this, we have 


10.4) 


ained 


or а | оп р =p 


д MY 
ог Р! = constant (5.10.5) 
(iv) Thermodynamic The two thermodynamic equations of state 
e Equations of State 
д0 др | 
——| =l|—| -p (5.10.6) 
E -v-7(=] (5.10.7) 
др jr їз, 
can be derived from Eqs (5.9.3) and (5.9.4). Writing Eq. (5.9.3), we get 
dU =T dS - p dV 
з | Dividing this by dV and introducing the condition of constant temperature, we get 
E БЕВ 
OV Jr OV Jr 
But (2) 3 (Eq. 5.9.13) 
WV Jr Ту 
ntropic 
Therefore ta = |2. -p 
OV Jr д7 Jy 
Equation (5.9.4) is 


dH = T dS + V dp 
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Dividing this by dp and introducing the condition of constant temperature, we get 


oH ' os 
— | =T|—|+V 5.10.8 
| др | | A : | 


ы (5-9) май 
u ap |, ar), | (Eq. 5.9.14) 


Therefore = =V -T Ej 
| | др Jr oT Р 


| C, (7/9Т) | 
(9) i _ Cy (QV / 0p), _ A )» | (QV / dp), (5.103) 
oT); T (ӘУ /9Т), | T  (0V/opy (OV /9Т), | 
Since 5 = f(T, V), therefore 
s-[7) Е av 
Dividing by dT and introducing the condition of constant 5, we get 
ЖЕ ЕЛЕ? 
OT Ју \9Ў/Т\9Т)$ 
Rearranging, we have 
E .. (08/0T), 
ӘТ з (S/8V)p 
Using Eqs (4.14.6) and (4.14.13), we have 
ызы 
oT Та Т@У!дТ), 
Using Eq. (4.14.18), we have | 
\ 2 _ @V/dp)r | C, (87/97), 
| ӘТ 25 (V/T), | T (OV lap), 
V lop), C V lap), (С, (9/97) 
(vi) ЕЗ ыз О ЧЫ С... (97 /др)г me dé vet) (5.10.10) 
OT Js (OV /9Т), T (97 / aT), T  (0V/ap), 


Since U = f(T, V), therefore. 


(=) araf T 
oT y oV T 


AS 


ve get 


10.8) 


9.14) 


5.10.9) 


(vit) 
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Dividing by dT and introducing the condition of constant $, we have 
Gar) Gor) lar) (ar) 
ӘТ Js ХТ Ју «ӘУ /p\ OT 
Using Eqs (5.10.6) and (5.9.11), we have 
| $ 
79) ИЕ 
oT oT y др ү 


Using Eq. (4.15.21), we have | 


QU | a ! se 
CRAT | але. 

eal 4 Ч E: y á То 
zee кобу PRrCy 


oT), Ta То 


Since 22. а (Eq. 1.4.608) 


we have eE _ Ply Кт _ HF) Cy p (V /др)т 
(T; T a др T (дУ/дТ), 


where we have used the cyclic rule (97/9р)у (др/дЎ)т (OV/0T), + 1 = 0. 
Using Eq. (4.14.18), we get 


ba __ QV op), C, (97/97), 
T/s ` (V/T), (Т (дУ/др)у 


E _ К 
ӘТ )5 (V/T), о 
Since А = (Т, p), therefore 


oH oH 
dH = dT d 
ar). || á 


Dividing by dT and introducing the condition of constant 5, we get 


ERO 


Using Eqs (5.10.7) and (5.9.12), we have 


н-т) 6) 
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which on using Eq. (4.15.24), becomes 


oH av\ | C, 
c Lec жый ат ыр к 
im]: H [=] |56 


C O ҮС, 


{же шш PIS 
a s Ta Е 


rb E 


E (ӘР /9p); Cy QV lop, [c (Р /0T); 
Bru z—p———————-$z-p a ER NE 
- VIT), T Prior), 


"n E Р T (Wid), 


(5.10.12) 


We start with А =U- TS, which gives 
d4 = dU -T dS - 5 dT 
Taking U = f(T, V) and substituting its differential in the above equation, we have 


d4= el +20: dV -T d$ - $ dT | 
aT Vp | 


Dividing the above expression by dT and introducing the condition of constant 5; 


Using Eqs (5.10.6) and (5.9.11), we have 


БКБ ЕЛЕ 


Using Eq. (4.15.21), we have 


KAORE 


Since z = E (Eq. 1.3.60a) 
\ Т V 
therefore S, = Су- Су + pey т) -$= т -$ 
aT ap dn 


Using the cyclic rule (9p/0T), (OT/AV),, (дИЇдр)т + 1 = 0, we have 


m). 3 x: > _ g- PE dpr _ 
ÒT Js дү }„\др TV /дТ), 


(ix) 


(x) 


(xi) 
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Making use of Eq. (4.14.18), we get 


(24) __ pV /др); Са QV /ӘТ) m 
aT/s  (QV/oT), | T * QV rop, 


P c | 5.10.13 
ӘТ Js TQVIOT), — QUIS) 


We start with G = H - TS, therefore 
. dG =dH -T df- $ dT 
Taking H = f(T, p) and substituting its differential in the above equation, we have 


oH oH ! 
dG = dT dp -T dS -S dT 
ar). G á | 


Dividing this by dT and introducing the condition of constant $, we have | 


2-8 


Making use of Eqs (5.10.7) and (5.9.12), we get 


т)" ту, 


Now using Eq. (4.15.24), we get 


C 
| 6 EE ~S=C,+—-C,-S 
0T /; Uu" Ha =>. 
JO ae. c MOT 


Te ` TOVI), 


с Im 
QT). V om 


Since G = f(T, p), we write 


д6 0G 
dG = dT d 
EJ |. й 


Dividing this by dT and introducing ће condition of constant С, we get 


(2)  -(0GloT), S 


QT/s (QGloy V 


2) С, А 
=| =—--|— (5.10.15) 
oT); T У\ӘТ/, 


шша диры m Clo bou ЧАИ ИНА PAR e HG x 3 = aks 


as «02. 


3 
1 
13 
1 

ү 

I 

i 

| 

EI 

| 


КЧ 


—"—— 


ais 


Em 


uS 
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We start with G = f(T, 5). Its total differential is 


в= |25 araf) as 
ӨТ); 98 Jy 


Dividing by dT and introducing the condition of constant G, we have 


Ө (90/97); | (5.10.15) 
971; (96795), I | 


Making use of Eq. (5.9.14), we have 


@ «| 8) 


and moreover, from Eq. (5.10.13) 
e NE CM 
ӘТ js Т(дУ/дТ)„ 


Thus, Eq. (5.10.15a) reduces to 


ere 
oT),  |TQV /aT), VOTIV), 


C 
(d) |^ —-14—— | (5.10.16) 


where 0 is coefficient of thermal expansion and ку is adiabatic compressibility. 
The latter is given as 


My 


The given expression is 


\ 
z =1+ 
This rearranges to 
C,-G- «VIC, УТС | 
KsC, — -(I/VY9V /ðp)s C, 
o? VIC, | 


© -Q/VyQV 107); (OT Әр); C, 


i 


(хїй) 


(xiv) 


(ху) 


(xvi) 
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Making use of Eqs (5.10.9) and (5.10.2), we have 


E œ VIC, œT 
P Y 1QV1ap)p C, TOVIOT), Kr i 
VOVIT) T С, 7” 


which is Eq. (4.14.18) and thus the given relation is obtained. 


кт C, 


o .. (5.10.1 
Ks C, ы 


Writing the expression for кт and Ky, we get 
кр _ -(UV)(9V Jap), 
Ks. -(1/V)(OV / 0p), 


_ (дУ/др)т (OV /др)т 


© (ӘР/Әр); (ӘУ /ӘТ), (9Т/Әр); 
Making use of Eqs. (5.10.9) апа (5.10.2), we get 
Kr (OV /dp)p С, 


кұ (дУ/др)т Су (9//97), ү 


(7197) T С, 


which is the required relation. 


аг), т? 


Since d4 = — p dV — SdT, dividing by dT and introducing the condition of constant p, 


we get 
| дА | E 
—— = "p Pit REN N 
or J, 9T /, | 
F 
EH =~ (5.10.18) H 
Since dA = - p dV — 5 dT, dividing by dp and introducing the condition of constant | 
Т, we get : | 


OD Jr Op Jr | 4 


Kr — Kg To’ VIC, 

where Ky — (1/V) (97/9р)тапа ку = – (1/V) (дЇдр) and are known as isothermal 
compressibility and isentropic compressibility, respectively, and a is coefficient 
of thermal expansion 


Taking V = f(p, T), we write 


(Z) ЕЗ dT 
др Jr 9T /, 


r pai x 
Dew o xEERERERA RS vo Ve Sa E Taf aot Sja M m. 
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Dividing by dp and introducing the condition of constant entropy, we get 


ЕКЕУШЕ 
“ Б БГУ», 


From the cyclic rule 


HDE 
др $ oS Т oT pe 


we find that 


aT | __ QS/p), 


E С (05/87), 


With this, the previous expression becomes 
e um Jn (05 /р), 
др jr \Op}y \OT J, |(98/9Т), 
From Maxwell relations, we find that 
a Gr] 
др Jr oT), 


С, 


шшш e 
огеоует, oT ; Т 


рз (| | (97 /9Т), 
Hence | —]| -|>| =| — | 4 
др Jr \Op}s XOT, CIT 


1.е, Kr Ks =T or VIC, 


5.11 BRIDGMAN FORMULAE TO WRITE THE EXPRESSIONS OF FIRST PARTIAL DERIVATIVES 


\ 


Since each first partial derivative involves three variables (e.g., the derivative 
(0G/0T), involves G, T, and p), one can write a total of 336 (= 8 x 7 x 6) first 
partial derivatives out of eight common thermodyanmic variables p, V, T, U, H, S, A 
and G. Bridgman has devised a procedure which permits to write the expression of 
any of these first derivatives in terms of three experimentally obtainable derivatives 


(0V/9T),, (9//9р); and (9Н/9Т),. The procedure adopted is to write a given first 
derivative (9х/9у), as (dx),/(dy), and then to substitute the appropriate expressions 


of (dx), and (dy), from the total twenty-eight possible Bridgman formulae given 
in Table 5.11.1. 


TIVES 


ivative 
6) first 
Н, S, Á 
sion of 
vatives 


an first 
21005 
» given 
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As an illustration, we derive the expression. of (06/97); which we write as 
(0G) ,/(OT)s. Now consulting Bridgman formulae, we get - 


р 


QT,  — -QVIaT), TOVI), 


oT 


(22) (0G) -VC,IT*SQV/oT), — VC,. 
$ 


which we have derived earlier (Eq. 5.10.13). 


Table 5.11.1 Bridgman Formulae 
(97) =~ 9p) - 1 


‚ QV), =- (0p), = OVAT, 


(95), = - (р); = C/T 

(90), =~ (Op)y= © -p(o ИдТ), 

(0H), =- (9р)н = C, 

(9G), =~ @p)g=-S 

(04), = - (р), = - 5 – р(дИдТ), 

(OV) r= - (9T), = – (Ур) 

(95); = – (97); = (IVIT), 

(90); = – (07) = 19/97), + р(д//Әр)г 
(9H) = – (дТ) = – V + TVIT), 
(90); = - (97); 7 - V 

(04) = ~ (07), = p(9Vldp)r 

(85), = - Os = C (9VI9T)JT + (VAT), 
(QU)y=- (y= СӘУ lap) + T VIAN), Ls 
(@H)y=~ Oy = C, (Mp) + T OVAN? - VOVIAN), i 
(96); = - (9g = VOVIT), - S(QVlap); | 
(84), = — (д), = —5(9Идр)т 

(90); =- (35); = p С, (дИдр)у/ T * p OVAT} 

(Н); = – (05) = -V СУТ 

(9G); = - (95); = -V C/T + S (OVIT) | 

(94); = - (05), = p C, (дИдр)т!Т + р(дИдТу, + SVIT, 

(Н) =- (BU) = -V [C, - 09/797), ] – рІС,ӘРӘр)т + 19/797)] 
(90) = - (90) = -V (C, – p(9V/9T),] + SITOVIÐT), + р(@дИдр)т] 
(94) = - (QU), = Р[С(дИдр)у + T(9VI9T);] 


| @б)н=- (Н); =- ИС, + S) + Т(дИӘТ), 


(94) = — (ӘН), = - [S + р(Ә/797),] [V – TAVIAT),] + р(дИдр)т 
(0A)g = — (0G), = — S[V + p(oVidp)7] – 097/797), 


\ 
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5.12 MISCELLANEOUS NUMERICALS 


Solution 


Solution 


1. 


One mole of steam is condensed reversibly to liquid water at 373 K and 101.325 kPa pressure. 
The heat of vaporization of water is 2.256 8 kJ g 1. Assuming that the steam behaves as an 
ideal gas, calculate w, q, A,U, A,S, A,A and A,G for the condensation process. 
The process is 

H;O(g, 101.325 kPa, 373 K) 2 Н;0(І, 101.325 kPa, 373 K) 
and Д, = (2.256 8KJ g^) (18 р mol) = 40.624 kJ mol’ 
Since the process takes place at constant pressure, therefore 

dy = ~ АН = ~ 40.624 k mol! 

w=—pAV=-pVni — Va) 

= PV ng) | 

where V. 15 the molar volume of the gas at 373 K. Hence 

w = (101.325 kPa) {(22.414 dm? mol”) (373 K/273K)} 

= 3 103.0 kPa dm? mol! = 3 103 J mol 
PT 4 
Л.Н = q, = – 40.622 4 kJ mol 
40 622.4 J mol! 
AS = ee sem 
373K 

AG =0 
Sine — A,G- A,4 + (Av,)RT, we have 

A,A =- (Av )RT = - (-1) (8.314 J K mol”) (373 K) = 3 101 J mor! 

AU = q + w = – 40.622 4 kJ mol! + 3.101 kJ mol! = – 37.52 kJ mol 


Show that the change 


2 mol of an ideal gas (2 bar, 273 K) — 2 mol of gas (1 bar, 273 К) carried out 
irreversibly against an external pressure of | bar is spontaneous. 


AG for the process can be calculated using the expression 


АС = nRTIn P2 
Pi 


Substituting the given values, we get 


Ib 
AG = (2.0 mol) (8.314 J K mo!) (273 K) (2.303) log (=) 
ar 


= -3 147.06 J 


Since there occurs a decrease in the value of AG, it must therefore, be a spontaneous change. 


Compute A,G for the following processes. 
(a) H,0 (1, 1 atm, 373 K) > H,O(g, 1 atm, 373 K) 
(b) H,O (1, 2 atm, 373 К) > H,O(g, 2 atm, 373 K) 
(с) H5O (1, 1 atm, 300 К) > H;O(g, 0.80 atm, 300 K) 
where atm stands for atmospheric pressure (= 101.325 kPa). Given that 


i 
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Normal boiling point of water = 373 К | 
C, (HO, 1) = 75.312 J K mol” | | 
C, «(Њ0, g) = 33.054 J K^ mol” E 
AS H( atm, 373 K) = 40.639 kJ mol! H 
Solution (a) H,O(L, 1 atm, 373 K) > H;O(g, | atm, 373 К) || 
373 K is the normal boiling point of water at | atm pressure. Therefore, the above process d 
takes place at equilibrium conditions. Thus | | 
(b) H,O(l 2 atm, 373 К) > H,O(g, 2 atm, 373 К) 1| 
This process can be replaced by the following three reversible processes. | { 


` (i) H00, 2 atm, 373 K) > H;O(1, 1 atm, 373 K) 
, (ii) H,0(, 1 atm, 373 K) > H5O(g, 1 atm, 373 К) 
‚ (ш) H,O(g, 1 atm, 373 K) > H,O(g, 2 atm, 373 K) 


For step (i) Л,С = 0 assuming no variation in A,G for condensed phase due to the pressure 
variation alone. 


For step (ii) Process takes place at equilibrium conditions; that is | 
AG, = 0) 
For step (iii) 


2 at 
AG, RT In 22 = (8.314  K mo (973 Юхо am 
ГА latm; . 


=2 149.92 J mol! | 
For the overall process 
A.G=A,G, + A,G, + A,G; 
= AG; = 2 149.92 J mol" 
(с) H,O (1, | atm 300 К) > H,O(g, 0.08 atm, 300 К) 
This process may be replaced by the following four steps. 
(i) H,O(, 1 atm, 300 К) > Н,0(1, 1 atm, 373 K) 
(и) Н,0(1, 1 atm, 373 К) > H,O(g, | atm, 373 K) 
(ш) H,O(g, 1 atm, 373 К) > H,O(g, 1 atm, 300 K) 
(iv) H,O(g, 1 atm, 300 К) > H,O(g, 0.08 atm, 300 K) 


The changes in enthalpy and entropy in the first three steps can be calculated as follows. 


э 
è 


Step (1) 
\ 373K 
AH = | С„@4Т = (75.3121 K mol) (73K) = 5 497.78 J mol! 
300K 
change. T ae 
| 
А5 | oar c aya 
300K T Т 
373 К 
= (75.312 J K! тоГ)(2.303) х log | = | 
( mol )(2.303) х log к 
|. 716406 J K mol! 
Step (ii) 


A Hy = 40 639 J mor! 
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ESTE EEL 


-l A 
: Га ТЕ 
| БЕ) 
| Step (iii) 
i AH, | C, (B) dT = (33.0547 К”! то[')(-73 К) =-2 412.9 J тог! 
j: AS = | MTM = (33.054 J K mol ')(2.303)log м 
|] | | i 373 К 
p 373K 
i = — 7.200 J K mot! 
{ : The total changes of enthalpy and entropy in the above three steps are: 
p | 
l | | - AH AS 
| | | | Ба J mol! 1К^1тюГ! 
| Н,0(1, 1 atm 300 К) > Н,0(1, 1 atm, 373 K); 5 497.78 16.406 
E H,O(1, 1 atm, 373 К) > H,O(g, 1 atm, 373 К); 406390 108.95 | 
| H,O(g, 1 atm, 373 К) 2 H,O(g, 1 atm, 300 K); -2412.9 -7.200 
| H,O(1, 1 atm, 300 К) > H,O(g, 1 atm, 300K); 43 723.88 1181156 
{ The change in A,G is given by 
vi 
{| А,С=А,Н-ТА,$ 
1. | = (43 723.88 J mol ) - (300 К) (118.156 J К” mol’) 
| | = (43 723.88 J mol!) - (35 446.8 J mor!) 
i A,G = 8 277.08 I mol! 
ў | For the fourth step, A,G is given Бу _ 
$ 0.08 
a AG = RT In 22 = (8314 K^! mot) (300 K) (2.303) log | =| 
a Р ыш 
1 | =~ 6 300.8 J тог! 
| Adding this contribution, we get 
| у A,G/S mol 
IP H,O(1, 1 atm, 300 K) > H,0(g, 1 atm, 300 K) 8 277.08 
| H,0(g, 1 atm, 300 K) > H,0(g, 0.08 atm, 300 К) - 6 300.80 
| 3 H5O(1, 1 atm, 300 К) > H,0(g, 0.08 atm, 300 К) 1 976.28 
| 4. The reaction 


Н,0(1, p, 273 К) 2 H,O(g, p, 273 К) 
represents an equilibrium reaction for some pressure p, called the vapour pressure. Assuming 
that the entropy change and heat flow when liquid water is compressed is negligible, estimate 
the vapour pressure at 273 K. Given that . 

Cy, „Н, g) = 33.054 JK mor! 

C, m(H0, 1) = 75312 J K mor" 
A ay H(H;O, 373 К) = 40.639 J mol” 


-1 


iw 


suming 
stimate 
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Solution The above process can be replaced by the following five equations. 


(i) H,0(1, p, 273 K) 2 H,O(1, 101.325 kPa, 273 K) 
(ii) H5O(1, 101.325 kPa, 273 K) ә H,O(1, 101.325 kPa, 373 K) 
(ii) H,O(1, 101.325 kPa, 373 K) > H,O(g, 101.325 kPa, 373 K) 
(iv) H,O(g, 101.325 kPa, 373 K) э H,O(g, 101.325 kPa, 273 К). 
(v) H O(g, 101.325 kPa, 273 K) > H,O(g, p, 273 K) 


The corresponding changes in A,H and A,S are given below: 


А.Н тог! A,SIT K mor! 
(i) 0 0 


es | 373 
(ii) 75.312 x 100 2 7 5312 75.312 x m^ 23.505 


(iii) 40 639 m 108.952 | 
п SL А x 
i 373 


| 273 
(v) —— 33.054(-100) = -3 3054 33.054 In == = — 10.316 


373 
01.325 kPa) 
(v) 0 8314 In [assu] 
p 
: 101.325 kPa 
Total change 44 864.8 122.14] * 8.314 In peu 


For this equilibrium process 


AG 70-7 AH-TA,S 
= (44864.8 J mol!) - (273 K) 4 (122.141 J K" mol) 


01.325 
+ (8314 I K! mol) In m 
p/kPa 
Thus p= 0.632 kPa 


The vapour pressure of liquid mercury at 433 K is 4.19 mmHg. Calculate the free energy 
change accompanying the expansion of one mole of mercury vapour in equilibrium with 


liquid at 433 K to a pressure of | atm at the same temperature assuming the vapour behaves 
N like an ideal monatomic gas. 


Solution The transformation of Hg(l) to Hg(g) at temperature 433 K and at the corresponding 


equilibrium pressure 4.19 mmHg will be reversible in nature. Thus, AG for this process will 
be equal to zero. But there will occur a change of free energy when the pressure of Hg(g) 
is changed form 4.19 mmHg to 760 mmHg which can be calculated using the expression 


Aenm n 
| Р 


Substituting p, = 760 mmHg and p, = 4.19 mmHg, we get 


І soo satin eer reta used beat akin ene BOAR 
баё у» NEAR Ud 
qe. С VESTES QU «миз. 
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760 mmHg | 


AG = (1 mol) (8314 J K! mol) (433 K) (2.303) lo 
(1 mol ( ot) (433 K) (2.303) (Aone 


= 18 7254 J mol! = 18.725 kJ тог! 


6. Compute A,G for the change Нбр, 298 K, 1 m) E Н, 323 K, 2 atm); given that H,(g) 
is ideal, that its e m 15 constant at 28.87 J K^! mol! over the temperature range and that 
Syogx for Ho(g) n 13058 J K! mol”. 
Solution The change of free energy for the transformation 
H,(g, T, = 298 K, p, = 1 atm) > H,(g, T; = 323 K, p; = 2 atm) 
may be calculated as follows. | 
A6 = (р, Ty) - G(py, Т)= (Н, - Т,$,) - (Ну - Т5) 
Е = (H; - Hi) - 15 + Tisi 
| 2С Cpm 2 dp 
AG- (m Hy) - T, sef dT - ү lens 
т Т д P 


1 


Т, 2С т р 

= [' C, dT - S(D-1)- uf BET free 
po T 
l п P 


- C, (AT)-S(AT)-T,|C, „(n2 Ri 
z iil Р) 


Substituting the given values, we get 
А.С = (28.87 J K mol!) (25 K) - (130.58 J K mol’) (25 K) 
323 3 


-(323 K) (28.87 J K^ mot) In 
| 298K 


+ (8314 JK” mol) In (Latm/2 | 


= 721.75 J mol! – 3 264,5 J mol! — (323) [2.326 J mol! – 5.763 J mol 
-- 1 432.6 J mot! 


Т, p 
Alternative Solution А$= C, mln T +Rin z 


= 0887 7 71 тог?) ш | 225 e mol) in| 180 
298 К 2 atm 


= 2326 J K! mol! – 5.764 J K! mot! 
= 3.438 J K mor ! 5 
Sy = Зов + AS = 130.58 JK! mol! - 3.348 JK! mot! 
= 127.142 J K! тог! 
Now Як = 0 
Нузк = C, a AT = (28.87 J K mot) Q5 К) = 721.75 J mol! 
Thus — Gg = Mak - Thak 
= 721.75 J mol” – (323 K) (127.42 J K! mor) 
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= — 40 345 J mol! = — 40. 345 kJ mol”! 
Goog = Нову — Tg, = 0 — (298 К) (130.58 J K^! mol) 
= 38 912.8 J mol! = - 38.913 KJ mol”! 
Thus AG = Gy ~ Сәу = – 40.345 k mol! + 38.913 kJ mor! 


ee = 1432 kJ mot! 
REVISIONARY PROBLEMS 
5.1 Show that the criterion of thermodynamic equilibrium under the different conditions 
are as follows: | 
| (а) At constant energy and volume: Entropy attains a maximum value and d$; у = 0 
КО constant entropy and volume: Internal energy attains a minimum value and 
-= dU; у= 0 
(c) At constant entropy and pressure: Enthalpy attains a minimum value and 
dHs , = 0 
(d) At constant temperature and volume: Helmholtz free energy attains a minimum 
value and ddr y= 0 
(е) At constant temperature and pressure: Gibbs free energy attains a minimum value 
and dG, , = 0 | 
5.2 Show that for a system 
(a) Decrease in the value of Helmholtz free energy at constant temperature represents 
_ the maximum amount of the work that can be obtained from the system. 
(b) Decrease in the value of Gibbs free. energy at constant temperature and pressure 
is equal to the net available nonmechanical work. 
5.3 State which one of the following four conditions will always lead to a spontaneous 
change and which one will never lead to a spontaneous change: 
(i) AH =-ve ; А5 = +уе 
(Ш AH =+ve ; AS = -~ve 
(ш) AH = -ve ; AS=-ve 
J mol] (iv) AH = +ve; AS = +уе 


5.4 Justify the following statements: 
(a) The laws of thermodynamics cannot predict the rate of a Жеш reaction. 
(b) A catalyst cannot change the values of A.H and A,G of given chemical reaction. 
(c) At low temperature, enthalpy change dominates the A,G expression whereas at 
high temperature, it is the entropy change which dominates the value of А С. 
(d) For an isothermal expansion of an ideal gas A,G = A,A. 


5.4 Show that 


aw 


(94/90); =р and (dA/0T)y=-S 
and — (0G/op)r= V ^ and (6/97), = -S 
5.6 (a) Define the necessary condition for the standard state for the free energy of a 
substance. Show that 


(1) For condensed system C = С°(Т), i.e. the pressure саис of С 15 ignored. 
(ii) For an ideal gas 
и = H? + RT In (p/1 bar) 
(b) Draw a graph showing the variation of u — ° with pressure of an ideal gas. 


\ 
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5.7 Show that for an isothermal change in an ideal gas 


AG = nRT In PL = RT In 


DB Ё, 
5.8 (a) Derive the following forms of Gibbs-Helmholtz equation: 
G= Н + T(0GloT), A,G 7 д,Н + Т{д(А ,С)/дТ} » 
(em (OH | E AH 
T Т? oT Т? 
ion) = Gate АН 
д(1/Т) Р 001/7) А 


(b) Derive the corresponding relations for Helmholtz free energy. 
5.9 (a) Starting from the fundamental expressions of first and second laws of 
thermodynamics derive the following relations: 


dU =T dS - p dV dH=TdS+V dp 
ы | dd=-SdT-pdV dG 7 - S dT * V dp 
| | (b) What are natural independent variables? State these for the functions, U, H, A 
B | and G. | | 


| | (c) Starting from the relations given in part (a), derive the following Maxwell relation 
and discuss their utility. Zn 
(OT/AV) 5 = — (9р/95); (9Т/9р) = (д/д$)„ 


a | (98/97), = (pl), - (д59р)т = - (9/07), 
| (d) Starting from the relations given in part (a), prove that: 
(90/95); = Т and (QU/gV)s =- p 
(99/95), = T апі (дН/др); = V 
(04/97); =-85 ава (04/00); = — р 
and (96/97), =-5 ав (96/9р); = V 
Hence show that | 
(90/95), = (98/95), (90790); = (84/90) 
| (dH/dp)s = (96/9р) (дА/9Т)у = (G/0T), 
n | (e) Starting from the relation given in part (a), derive the relations 
| (9090) = ТӨрӘТу-р and — (@H/Ap)p = V - TAVIOT), 
What are these called? Evaluate their values for an ideal gas. What do you 


, conclude about the dependence of U on V and Н on p at a constant temperature 
| for an ideal gas? 
\ 5.10 (a) Derive the following relations: 
T(dp/dT T(OV /0T 
Oriara- Orie ССЖ 
ү р 


(b) An adiabatic reversible process is an isentropic process. Equations given in part 
(a) express the variation of V versus T and p versus T for such types of processes. 
The required relations can be derived by integrating these relations. For an ideal 
gas carry out the integrations and show that it leads to 


| З T y 6o 


-R/ 
=constant and Тр бъл — constant 


(c) Derive the relation involving p and V for an isentropic process involving an ideal 
gas 


| 


or 


laws of 


U, H, A 


|l relation 


at do you 
mperature 


ren in part 
processes. 
эт an ideal 


ag an ideal 
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5.11 Derive the following thermodynamic relations: 


() Qp/ar),- ce 1 
dx а 
C, (9У/ӘТ) 
(i) prions co E ER ), | (OV / 0p), 
T (дҮ!дТ), T (дУ/др)т (OV /9Т), 
psc, C, (@V/ory. 
(97 /9Т), Т (9V 197), Т (9У/9р);. 
VC 
(iv) (H/T —* 
oy MURAT T(V 197), 
C, (Vidar); 
(v) E A ас НА (OV / dp), Cer ALLE =§ 
EA (97 /9T), T | (97 /97), Т (9У/9р); 
‚ (9б\__ УС, Т (2) _ 5 
0) Е m : e) Lat, y 
А E 2-3/2) 
(uU) ar). T VAor), 
t a? "X РЕ — 
(ix) — -14———, where ку is adiabatic compressibility and is given as 
(Cy к$С, 
а 
5° yip s 
C 
(Q => 
к; Cy | 
. (94 av : x : = 
p aar cn UR S —|=~pi— 
(xi) Fal т] $ (xii) др}, др}. 


5.12 (a) Define the terms fugacity and fugacity coefficient. Show that 
(0 f=p for an ideal gas. 
(it) f> p for a van der Waals gas at higher pressures. 
(ii) f< p for a van der Waals gas at lower pressures. 
(b) In the lower pressure range, the pressure of a real gas is the geometric mean of 
the 1deal pressure and fugacity. . 


(c) Derive the expression of fugacity for each of the following equation of state. 
(i) p(V,-b)- RT (i) (р+а/У2)у, = RT 
(ш) (ptalV2)V,-5)-RT (iv) Z-1* Bp* Co * -- 


(d) Derive the following expressions: 


| S 1p) HaHa a [Hi-H,)) _ 
o | oT J, am o | др M 


\ 
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D 
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(e) Show that for a van der Waals gas 


1 (2а 3ab 
o 29, aby? c 
Ha ure P > TO , Шт Са ВТ р?Т? 
| 2а. Зар? 
_ 0 р 
(Con Con та 0 i 
TRY YOURSELF PROBLEMS 
5.1 Derive the following relations: 
oe o 
| XV jr? oT /у 
im дА д0 vA 
= = A- Tc x C G, =-T eee 
Us А+ TS P V ЭТ y EI 


me. OR, 


ШЕ 
e __(др/дТ), | [0T AOV / ly 
ӘТ /, (Әр/дУ), (924/97?) 


2 


ЕБІ 
QUY av ITI Jr |, el 
C =C ——{ = 0 — 
Р pe) 0) (324/9V?), E | 


„үш oF] - 1 


EU а) T Vip, V(9Al9V)), 
87° Jr 


5.2 The Helmoholtz function of one mole of certain gas is given by 
=-[|-ат in (V, -b)+ f(T) 


where a and b are constants and f (T) is a function of temperature only. Derive an 
expression for the pressure of the gas. [Ans. p = RT KV — b) — al y2 
5.3 The Gibbs function of one mole of a certain gas is given by 


G- RT In p+ A+ Bp Cp Dp 


where A, B, C and D are functions of temperature only. Find the equation of state of 
the gas. - [Ans. V = (RTIp) + B + Cp + Dp] 


| 
| 


кә 
МУ 
3 


EI, 


Jerive an 
DELIA 


n of state of 
-Cp+ Рр] 
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5.4 Suppose that G is known as a function of p and T for a system. Derive the expressions 
for the other thermodynamic functions of the systems (V, 5, H, U, A, С» Cy, а and 
Kr) in terms of G and its derivatives with respect to p and T only. 

5.5 Show that 


im Jm 

S’\dp), S\0G), 5240967, 
КОЕ 
д, VT AV КЕ CAI); 


5.6; Show that the criterion of thermodynamic equilibrium under the condition of constant 
entropy and pressure is dH, , = 0. 
5. 7 What is meant by.a system's being in: (a) thermal equilibrium, (b) chemical equilibrium, 
(c) mechanical equilibrium and (d) thermodynamic equilibrium. 
5.8 (a) Show that the graphs of H versus T and G versus T will always have opposite 
slopes. 
[Hint: (9Н/97), = C, > 0 and (06/97), =- 5 < 0] 
(b) What is the АО between these two plots at any temperature?. How does 
this separation vary with temperature? [Ans. TS] 
(c) Show that the two plots will approach each other as the temperature is lowered 
and ultimately will meet as T — 0. Draw a schematic diagram showing these two 
curves. 
(d) Given the experimental fact of T.W. Richards that AG and AH of any system approach 
-each other as the temperature is lowered and that as T — 0, they become identical, 
Le. lim AG=AH — 
T0 
Show that if graphs of AH versus T and AG versus T are plotted, the two graphs 
will have opposite slopes. 
[Hint: AG = AH - AS or TAS = AH - AG] 
For a finite temperature, we can have either 
AS=+ve 2 AH» AG 
or 
AS = -ve 2 AG > AH 
as T 0, AH = AG. Thus, the variation of АН and AG as the temperature is 
lowered will have opposite trends. ] | 


(e) Nernst on examining the Richards plots observed that not only the two curves in 
any plot approach each other but their slopes seemed to approach zero, i.e. 


E =0 and E =0 
oT р oT a 


These results are known as Nernst heat theorem. With this information, draw a 
schematic diagram illustrating the behaviour of AH versus T and AG versus T 
curves. (f) Show that as T — 0, we must have AS = 0 and AC, = 0. 


wo). = _ 
Е: | -AS and “at |, AC,. 


(g) What is Planck’s contribution about the absolute value of entropy of a substance 
at 0 K. Is it in agreement with the Nemst heat theorem? 
\ 
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(h) According to the third law of thermodynamics 
lim $ =0 | 


Ter. 


This implies that in the limit of absolute zero kot temperature the entropy of a 
perfect crystalline.substance must be independent of changes in pressure or volume, 


such that 


lim =) =0 ; lim (= =0 
T20 Op Jr T>0 QV Jp 


Using the appropriate Maxwell equation, show that 


i lim (| =0 ; lim E =0 
E T50 VOT /, 70497 Jy 
А gas consisting of the amount n obeys the relation 
рї = (ЁТ + Bp) 
where B is constant, is being compressed from a volume V to a volume vi2 
isothermally and reversibly, Derive the expressions for g, w, AU, AH, Абон 
AS ui; and AG. | 


В | 
Ans.q = -wz -nRT In yu) AU =0 
(V/2) - nB 


5.9 (a 


Ne 


_ (V/2)—n meu (V/2) - nB 
AS, = nR | е n AS sum = -AR ln ДЕ ЗЫ ЕШ 


1 m 


= ; Mz-T АЎ. 
(V/2)-nB V-nB 


i-i sar] 


AG - MI -T S, - nB(p; "yon 

І 
(6) Suppose now the gas is allowed to return to its initial state by expanding 
isothermally into vacuum from a volume V/2 to a volume V. Calculate g, w, AU, 


AH, А, у, Д5, and AG. 
[Ans. Values of AU, AH, AS and AG are the same as 


those in part (a) but of opposite signs, q = w = 0] 
(c) Suppose now the gas is compressed reversibly and adiabatically from the state 
ру, T, to a final state with pressure p». Derive the expressions for Т», q, w, AU, 


AH, А5, and AG. 
Given that Cy m of the gas varies with temperature according to the expression 
V Cy m= at bT 
where a and b are constants. | 
E аһ e - men 2 Sn at 
V, -nB pi 


q=0 
hU «nha -T+ -T 


w=AU 
AH = AU = tn[R(T, – Ti) + Врз — p4)] 
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Note: AG cannot be calculated unless the value of AS is provided.] 

(d) Now suppose gas is allowed to expand adiabatically into vacuum to a final pressure 
Dj. What will be the final temperature? Derive the expression for AU, AH, AS and 
AG. 


Ans. Final temperature will also be 7,; q =-w= AU =0 


AH = nB(p,- py); AS = nR 22; AG = nRT In P. + nB(p, — py) 
Py P2 


5.10 Suppose one mole of the gas (assumed to be ideal) is transported reversibly and 


isothermally from its equilibrium state at the surface of the earth where pressure is po 
to its equilibrium state at a height A from the earth where pressure is p(with p < ро). 
One of the- procedures to carry out the above process is to transport the gas by an 
infinitesimal vertical amount and then integrating the resultant expression from 
h= 0to h = h. The only work done in this process (and will have a negative sign) is 
the gravitational work and is equal to — Mg dh where M is the mass of 1 mole of gas 
and dh is the infinitesimal vertical movement. This work is ће work other than р— and 
must be equal to infinitesimal change in the value of Gibbs free energy dG such that 


dG = dw = – Mg dh 
But dG = V dp - S dT, therefore, the above expression becomes 
V dp - S dT = - Mg dh | 
Since the transport takes place at constant temperature, therefore, we have 
V dp = - Mg dh 


Carry out the integration of the above equation from h = 0, p poto h= h, p= p and 
show that it leads to the barometric formula. 


5.11 A chemist reports that he has found the entropy of a particular system decreases during 


a specific spontaneous endothermic changes in state. Evaluate the statement. 


5.12 (a) Show that V, Н and $ are related to f and its derivatives by the following 


expressions. 


AE UAM | ges eee 
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p p 


5.5, (7) - Rln(f/ f^) 


р 
(b) For a gas obeying equation of state 
pV =RT+ Bp + Cp + 
where B, C, ..., etc. are temperature dependent. Prove the following relations. 
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5.13 A certain gas obeys the equations of state 


BCD 
Кый ды 
j М: 


Show that the fugacity of the gas is given by 


fe ee ere 
р V RTV 2RTV . 


5.14 (a) Show that 
[av RT? (2 
ee.) ATUS C,p T /, 


fet NOE Hy, - Hy) -lc =-+(2) 
opoT RT? др т КЕР p\OT Jy 


where Z is the compression factor of the system of a real gas. 
(b) Derive the expressions of Hyp and (9279р dT) for опе mole of а van der Waals gas. 


5.15 The formation of the oxide M,O, per mole of О, consumed is written as 
2 2 
2м) +0,(0) > 2М,0, 
P y 


The free energy change of the reaction is given by A,G = ДН - T A,$ 

If the enthalpy change A,H and entropy change Л, are assumed to be independent 
of temperature, the plot of A,G versus T is linear such as shown in Fig. 1, known as 
Ellingham diagram. Figure 1 is widely used to discuss the principles involved in the 
extraction of metal from its oxide. 


2HgO | 
1273 173 2273 ТК» 


= Cr,03 
\ 5 ОРТИС em CO, 
© 
8 
X = ALO; 
0 
z 
© 2CO 
4 
Pr 
Fig.1 Ellingham НЕ 
diagram of 
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With the help of this figure, answer the following. 
(i) The slope of linear plot of A,G versus T is 
(a) positive for M,O, with the exception when M is carbon, 
(b) nearly zero but positive for CO, and 
(c) negative for CO. 
[Ans. (a) A,5 of the oxide formation is negative as Av, =- | 
(decrease in gaseous species), 
(b) AS 15 slightly positive as Av, = 0 (no change in the gaseous species), 
(c) AS is positive as Av, = *1 (increase in gaseous species).] 
(i) The plots of A,G versus T for the various oxides formed from M(s) or M(I) are 
‹ more or less parallel to one another. 
| (Ans. A,S of the reactions are, more or less, ће same.) 
(ii) The slope of A,G versus T plot becomes more positive when the oxide is formed 
from M(g). | 
| (Ans. Larger decrease in the gaseous species.) 
- (iv) At T < 700 °C, the stable oxide of C is CO, whereas at T > 700 °C, the stable 
oxide is CO. Given that at higher temperature the equilibrium reaction 
С + CO, = 2CO 
sets in with A,H = 172.8 kJ mol” and A,S= 176.15 J К^ mol”. 


(Ans. The temperature at which CO, reacts with C to give CO 
is equal to A,H/A,S as A,G = 0 which gives T = 981 К = 708 °C) 
(v) Mercury(IT) oxide decomposes spontaneously to its element by heating alone. 
(Ans. A,G of oxide formation becomes positive at higher 
temperature. It becomes unstable and thus decomposes.) 
(vi) The reduction of M,O, by carbon at Т> 700 °C may be represented as 


! 


15 gas. 


2 ; 
-M,0,+2C > “м +2СО 
y y 
The free energy of this reaction can be obtained from the following two reactions. 


2 2 
in the “M+0,3=M,0, — AG, 
| y y 
2C + 0, э 2CO AG; 
Obviously, 


A,G = AG, - A6, 
For the reduction to be spontaneous, we must have A,G, > ДС), that is, the line 
representing the oxide formation of the metal M should lie above that of C. For 


each oxide, the temperature at which this condition is achieved can be determined 


from Fig. 1. Show that the ascending order of temperature for various oxides of 
M is as follows. | 


sndent 
ууп as 


A 


Tre < Tz, € Te, € Tri < Тум, € Tai < Tea 


(vii) Show that reduction of Cr;O, by Al is possible at all temperatures. 


NUMERICAL PROBLEMS 
Pressure 5.] (a) One mole of an ideal monatomic gas expands isothermally at 300 K into vacuum 
Dependence from an initial volume of 10 dm? to a final volume of 20 dm’. 


of G (b) One mole of the same gas expands isothermally and reversibly at 300 К from 10 
| dm? to 20 dm’, 


For each of the above two processes, calculate q, W, AU, AH, AA and AG. 
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(c) Describe a process by which the gas could be restored to its initial state after each 
of the two processes. Show how surroundings could also be restored to their initial 
state in one of the above processes and for the second it cannot be restored. 

(Ans. (a) q = w = 0; (b) q = -w = 1.728 kJ; 
For both processes AU = AH = 0; AA = AG = — 1.728 kJ) 
5.2 Three moles of a gas with pV = n(RT + Bp) where B = 30 cm? mol” and for which 

CJ K^! mol! = 27.196 + 46.65 x 10? (TR) undergoes an irreversible change in 

state given by 
600 K, 10 bar — 300 К, 5 bar 

Calculate AU, AH and A5. Can you estimate the values of A4 and AG from the given 

data? How do you reconcile the sign of A5 calculated in this problem with the help 

of second law? | (Ans. – 35.89 КІ, – 43.37 kJ, — 81.25 J К”, no) 
5.3 An ideal gas is allowed to expand reversibly and isothermally at 298 K from a pressure 
of 1 bar to 0.05 bar. (a) What is the change in molar Gibbs energy? (b) What would 
be the СРИ if the process occurs irreversibly? 
(Ans. (a) —7 422 J mol! , (b) -7 422 J mol) 
5.4 Calculate the difference between A,G and A,4 at 20 °C for the reaction 


H,(g,latm) + 0; (g, latm) = H,O(1) (Ans. -3.716 kJ mol) 


5.5 The density of NH4(g) at 200 °C and 5.066 MPa is 24.30 g dm ^. Estimate its fugacity. 
(Hint: Make use of the expression f= pia | Dideal) (Ans. 4.569 MPa) 
5.6 Calculate the fugacity of NH; at 200 °C and 10.1325 MPa from the following data. 
p/MPa 20265 6.0795 10.132 5 15.198 8 
Ист 1866 5708 3109 176.6 
(Hint: Follow the graphical method, Eq. (5.7.5).] (Ans. 8.329 MPa) 


5.7 For a van der Waals gas 


"als 
RT /|RT 
calculate its fugacity at 100 bar and 298 К. Given: a = 0.247 6 dm bar mol” and 
b = 0.026 61 dm? mol |. (Ans. 106.9 bar) 
5.8 In the formation of silver chloride from its elements under normal conditions, A ,G is 
-110.04 kJ mol! and A,H = -126.72 kJ mol at 18 °С. What is the corresponding 


entropy change? Calculate the change in free energy for a 10 ?C rise in temperature, 
assuming the rate of change of A,G with temperature, i.e. 0(A,G)/07 to remain constant. 


(Ans. -57.32 J К^! mol; 5732 J mol!) 
5.9 For a certain process, AG = -50.208 kJ and AH = -73.198 kJ at 400 К. Find for the 
process at this temperature AS, [0(A С)/9Т), and [0(A A)/0T]y. 
(Ans. -51415 1 КЇ, 57.475 JK, 57.415 J KH) 
5.10 For a certain reaction 
АСП mot! = 56 818.7 + 67.36 (TIK) log (T/K) -303.72 (ТК) 
find A Sand A,H of the reaction at 25 °С. 
(Ans. A,S = 107.70 J K mol, A,H = 48.074 kJ mol’) 
5.11 For the sublimation Au(s) > Аца) 
AH 3pgq = 378.65 kJ тоГ and A,Gjggy = 33.89 KJ mol" 
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Further | 
Aug; C, = 20.92 J K mol" | 


From these data, find an expression for A,G° as a function of temperature. 
(Ans. A,G°/ mol! = 379 656.2 + 5.857 6 (T/K) log (TIK) 
151.59 (ТК) + 3.013 x 10? (T/K)) 
5.12. For the reaction 
FeCO,(s) = FeO(g) + СОЕ 
A,G*/J mol! = 78 073.4 — 60.33 (T/K) log (TIK) — 25.397 (T IK) 
| + 34.476 x 10? (ТК) 
ne К and A 5° for the reaction at 25 °C 
| (Ans. AP = 82.801 kJ mol; A,S° = 180.33 J K^ тог!) if 
F For the reaction IL 
A(s) + Bo(g) = AB,(g) 
A,G°/} mol! = 21 087.4 — (32.09 K "JT log (T/K) + (632 х 10° K?) P? 
5 
610 К) ч ойлу! 
Further 


512 
САУЛ K^ mot! = 11.185 + (10.950 х 10° K^!) г 


512 
С (АВИТ K! mol! = 57.53 + (2.050 10° К^) ae 
Form these data, find the expression of C, of Bo(g) as a function of T. "i 
(Ans. C (B5)/] К^! mol! = 32.412 + (3.74 x 10° КЇТ + (0.008 x 10° K^/T?) 
5.14 (a) Compute A,G for the reaction 
H,O(1, 1 atm, 323 К) 2 H,O(g, 1 atm, 323 К) 
Given that 
АН of H30 at 373 K = 40.639 kJ mol” 
C,(H,0, 1) = 75.312 J K^ mor" 
C,(H,0, g) = 33.305 J K^ molt (Ans. A,G = 5.59 kJ mol”) 
(b) If p is the vapour pressure of water at 323 K, then the following reaction will be 
at equilibrium: 
Н,0(1, p, 323 К) > H50 (g, p, 323 K) 
x and A,G for this reaction will be zero. Compute the value of p at 323 K. 
| : (Ans. 12.63 kPa) 
5.15 One mole of steam is condensed ve to liquid water at 0 °C and 101.325 kPa 
pressure. The enthalpy of vaporization of water is 2.257 kJ g | Assume that the steam 


behaves as an ideal gas, calculate w, g, AU, AH, AS, AA and AG for the condensation 
process. 
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6.1 PARTIAL MOLAR QUANTITIES 


Expression of Thermodynamic relations derived earlier are applicable to closed systems. In a 
Partial Molar system where not only the work and heat but also several kinds of matter are being 
Quantity exchanged, a multicomponent open system has to be considered. Here, the amounts 


G= J(I, p, ny My „тр 


where л, п, ..., п, represent the amounts of each of the k components in the system. 
For simplicity, let a system contain only two components. The total differential of 


G is 
«(5 ee e К К 
oT PM sy др T,n,n, дп T,p,n; дп, T,p,n 


(6.1.1) 
In this equation, the partial derivatives (9G/0n;)r. p, п, and (96/9), p, n, are known as 
partial molar free energies of components | and 2, respectively. In general, the partial 
derivative of a thermodynamic function Y with respect to the amount of component 
i of a mixture when, Т, р and amounts of other constituents are kept constant, is 
known as the partial molar quantity of the ith component and is represented as 
Y; pm (or simply as Y). Thus 


\ 
bu us (6.1.2) 
| дп, T,p,njs | 


I 


j*i 


Definition of Partial The partial molar quantity may be defined in either of the following two ways: 


Molar Quantity 1. It is the change in Y when 1 mole of component i is added to a system which 


is so large that this addition has a negligible effect on the composition of the 
system. | 


2. Let dY be the change in value of Y when an infinitesimal amount dn of 
component i is added to a system of definite composition. By an infinitesimal 


\ 


of the various substances are treated as variables like any other thermodynamic: 
variables. For example, the Gibbs free energy of a system is a function not only of 
temperature and pressure, but also of the amount of each substance in the system, 
such that | 
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amount dn; we mean that its addition does not cause any appreciable change in the 
composition of the system. If we divide dY by дл, we get the partial molar quantity 
(d¥/dn,). Thus, the partial molar quantity of component i may be defined as the 


change in Y per mole of component i when an infinitesimal amount of this component 
is added to a system of definite composition. 


The quantity Y; pm represents the actual value of Y per mole of the ith species 
in a system of known composition. This value may or may not be equal to the 
corresponding molar value Y* of the species in the pure state. In fact, in only ideal 
systems where either there exists no interaction between the constituents (ideal 
gases) or all interactions are of the same type (ideal solutions) that the two values, 
viz:, the partial molar value and the molar value, are the same. In nonideal solutions, 
because of interactions between the constituents, the molar value of Y* usually 
gets modified to a new value Y, pm Since the extent of interactions depend upon 
the relative amounts of the components, it is obvious that the modified value of Y 
may not be the same at all compositions. Hence, its value will also depend upon the 
composition of the solution. Thus, although the partial molar quantities are meant 
for the individual components of the system, their values are not only dependent 
on the nature of the particular substance in question but also on the nature and 
amounts of the other components present in the system. 


To be specific, let us take the case of partial molar volume. The partial molar 
volume of the ith species in an ideal solution will be equal to its molar volume in 
the pure state. In a nonideal solution, the partial molar volume is the molar volume 
actually occupied by the substance in a solution of known composition. For example, 
at 50 mass percentage solution of ethanol in water at 25 °С, the partial molar 
volume are found to be 


V (СНОН) = 56.76 om? тоГ' 
V, (H50) = 17.37 om? mol" 
The corresponding values for the pure components are 
V*(C,H,OH) = 58.65 cm’ mol | 
V*(H5O) = 18.07 cm mol! 


Suppose 54 g of water (3 mol) is mixed with 54 g of ethanol (1.173 8 mol), we will 
then have | 


Volume of water before mixing = (3 mol) (18.07 cm’ mol) = 54.21 сш 

Volume of ethanol before mixing = (1.173 8 mol) (58.65 cm? mol”) = 68.85 cm’ 
The total volume on mixing 1s not equal to the sum of the individual volumes, i.e. 
5421 cm? + 68.85 cm? = 123.06 cm? but will have a value as calculated below. 


Since the partial molar volumes are the actual molar volumes present in a 
solution of known composition, it is obvious, therefore, that the total volume of 
the solution of the given composition will be given as 


at MV. 


V otal = A Kr 2, pm 


p 


t See Section 6.10. 
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Thus in the-above example of 50 mass percentage ethanol-water solution, we have 
Vot = NEO) V. (E50) + (С,Н,ОН) V, (C;H;OH) 
= (3 mol) (17.37 cm? mol) + (1.173 8 mol) (56.76 cm? mol!) 
= $2.11 cm? + 66.63 cm’ | 
= 118.74 cm? 
Example 6.1.1 | The aal molar volumes of acetone and а, ina ш in which the mole fraction of 


acetone is 0.53 аге 74.17 cm’ mol! and 80.24 cm? тої", respectively. What is the density 
of a solution? What will be the volume of solution weighing 1.0 kg? 


Solution . Let us consider а solution containing 0.53 mol of acetone and 0.47 mol of chloroform. 
| The volume of this solution will be 
y= ny V. pm +M И ай 
= (0.53 E (74.17 сп? mol) + (0.47 mol) (80 24 cm? mol) 
= 3931 ст? + 37.71 cm? 
= 77.02 cm 
The mass of the solution will be 
= nM, + nM, 
= (0.53 mol) (58 g mol) + (0.47 mol) (119.5 g mol”) 
= 30.74 g + 56.17 g = 86.91 g 


The density of solution will be 


The volume of | kg of solution will be 


y= |0008 | у, 8862 
1 (86916) СОЕ 


Ехатріе 6.1.2 The partial molar volume of methanol іп a methanol-water solution at хац = 0.39 is 
39.2 cm? mol”. The density of solution is 0.91 g стг. Calculate partial molar volume of 
water in the solution. | 


Solution Let we have 0.39 mol of methanol and 0.61. mol of water so that the total amount of these 
two substances is one mole and thus we have a solution of given composition. Now, 
Mass of solution, m = n, M, + nM, 


E = (0.39 mol) (32 g mol") + (0.61 mol) (18 g mol!) 
= 2346 g 
Volume of solution, V = Ша сс 46g = 25.78 cm? 
p 091g cm” 


Now from the expression 
| V otal = n, pm t M bai 
we get ОР, pm (V, total Й 1 puto 
= {(25.78 cm?) — (0.39 mol) (39.2 ст? mol)} / 0.61 mol 
= 1720 cm? mol”! 
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It is required to prepare 10° cm? of methanol-water solution at 25 °C with mole fraction of 
methanol equal to 0.78. Determine the volumes of methanol and water to be mixed at 25 °C. 
Given: Partial molar volumes of water and methanol are 15.69 cm? mol! and 40.49 cm? mol, 
respectively. The density of methanol at 25 °C is 0.79 g cm”. 


Let n, and n, be the required amounts of methanol and water, respectivly, to prepare 10° cm’ of 
the required solution. We will have 
m NV, pm © AP, pm 

n + M: 
From the given data, we have 

| 10° cm? = n, (4049 ст? mol") + n; (15.69 ст? mol") 

078- —— =»  078m-022n, 
hn + n, 


Substituting n, = (0.78/0.22) п, in the first expression, we get 


iO ta 0.78 А Е 
2 | (40.49 ст то) + и, (15.69 ст mol) 


0.22 
ог 10° = (143.56 п, + 15.69 n,) mol! = 159.25 п, mol" 
103 
or Ny = : mol = 6.28 mol 
1592 
Thus . ny = 9 = 6.28 mol = 22.27 mol 
0.22 0.22 
-i 
Now Р, = APR кше n =113.0 ст? 
P» (1.00 g cm 7) 
222 s 
у = nM, zi 2.27 mol) (32 g mol” ) -9(2.1 en? 


р, (0.79 g cm?) 


The molar enthalpy of a binary liquid solution at constant T and р is given by the expression 
Н kJ mol! = 0.5х, + xg + (0.05 x, + 0.04 xg) х, xg. Determine the expressions of H (А) 


and H,,,(B) in terms of x,. Also determine the value of H*(A), HŽ (B), A4,H(0.5 mol А 
+ 0.5 mol B). ed 


soln 
Since H,, = Hin, + ng), we get 


НК] mol! = 0.5 n, + ng + (0.05 nyt 0.04 ng) | ПА | Ив | 
ПА + Tg AT + Np 
Since Н (А) = (дН/9п,) 


Tp my WE have 


Н (A)! kJ mol! = 0.5 + (0.05) [| "в | к, + 0g 


Hy tg Ay t lg 


7 п; 2n, Np 
(n, +ng) (n, + п)” 


= 0.5 + 0.05 хахь + (0.05 х, + 0.04 хь) (xg — 2 хах) 
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Substituting хр =.1 — x, and rearranging, we get . 
Н (А) mol! = 0.54 – 0.06 x, + 0.02 xà 
Similarly working out Н (В) = (0H/Ong)r p, n, , we get ` 


Np 


Н „(ВӘ mol! = 1.0 -ow | "a | 


| + (0.05 п, + 0.04 пу) 


ПА t Np 


пк 2n, Np 
x ra a 3 | 
| (nj ng) (ид + ng) | Р 
= 1.0 + 0.04 xaxp + (0.05 x, + 0.04 хь)(х, — 2x 4x8) 
Substituting Xp = | —x, and rearranging, we get | 
Н „(Вук mol! = 1.0 + 0.03 х2 + 0.02 x3 
Now  HŠ(A)= lim Н (А) = (0.54 — 0.06 + 0.02) kJ mol = 0.50 kJ тоГ' 
: ХА Э 


г% гру = |} = үр | | | 
HB) m Н (В) = 1.0 kJ mol | $c 


The enthalpy of solution for 
0.5 mol A + 0.5 mol В — soln (0.5 mol A + 0.5 mol B) 
is given as 
Ason = [0.5 mol) H,,(A) + (0.5 mol) H,,(B)] 
- [00.5 mol) H*(A) + (0.5 mol) Н} (В)] 
= [((0.5) (0.54 – 0.06 x 0.5 + 0.02 x 0.53) + (0.5) (1.0 + 0.03 x 0.57 
+ 0.02 x 0.5°)} — [(0.5) (0.50) + (0.5) (1.0)] KJ 
= [(0.5) (0.512 5) + (0.5) (1.01) – (0.25 + 0.5)] kJ 
= (0.761 25 – 0.75) kJ = 0.011 25 kJ 
= 11.25 J 


Problem 6.1.1 The apparent molar volume of a solute in a solution of volume V is defined as 


_ total volume of solution — volume of pure solvent _ V —n,V;* 


Р арр — 


amount of solute п, 
97, | 9V, 
Show that / pm = «| d + ар and Й р = s +V;* 
3 nm п m п, 
N 
V-nV, 
Solution Ме һауе Ў, = 11 
M 


Rearranging this, we get 
V-m(Va)tmvpo (6.1.3) 
Differentiating Eq. (6.1.3) with respect to и, keeping n, constant, we get 


| дў д А | 
Y V. = —— = V. + : арр 6. ] 4 
| 2,pm z | 2, app n | on, | ( ) 


\ 


- ng) 
Problem 6.1.2 
1 
Solution 
3x05" 
J 
d 
N 
(6.1.3) 


(6.1.4) 
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(Note that the differentiation of second.term in Eq. (6.1.3) is zero as both пү and Vt are 
independent of п,.) 


Similarly, differentiation of Eq. (6.1.3) with respect to n; gives 


The apparent molar volume of a solute in a solution is given by the following analytic 
expression 


| ар” a + bm + cm 
where a, b and c are constants and m is the molality of the solution. Show that 
| Vo om = a + 2bm +3 ст 
И = И bM, m. - 2c Mm 


From Eq. (6.1.4), we have 


дЁ, app | 


Vo =P mta 
рш 29р 72 дп, 


Let m, be the mass of solvent. Since the molality of the solution is m = пу/т\, we have 
dn, = mi dm 


With these, the previous expression becomes 


(Әр, 
V, pm = zm * nf va | 


From the given expression of V, app, we have 


n,- mm, and 


V, = (a + bm + cm’) + m(b + 2cm) 
= a +2bm + 3cm? 
Now V= (У, р) тИ (Eq. 6.1.3) 


and also V= n V as 0 Von 


Equating these two equations, we have | 
У pm MV, ра = MV 2, app) + ИТ (6.1.6) 
For the present case, we have 
n,-mm, and nm, -mM, 


Substituting these along with the expressions of V; pm and V; app in Eq. (6.1.6), we get 


n j 
М" M, 


- Rearranging, we get 


Vis = Vi -b Mm? - 2c Мт 


ане MPO AC 


PETS erdt rey MERIC Med He ADE иллә нү pi A eT 


ЭНЕН инет Rien stan gr Анар ави A E ышна Nan 


<r. CER titm узд рар нә 3 


c Es 


ОКЕ STU MUNIRI tei t nsa 
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Example 6.1.5 The apparent molar volume of KI in CH,OH may be expressed by the equation: 


И M mol! = 21.45 + 11.5 4 m/mol kg! 


The density of pure methanol is 0.786 5 рст. Find A.V for the process 
CH,OH(1) > CH,OH(soln, [KI] = 1 mol kg’). 
Solution For 1 mol kg™ solution, we will have: 
n, = (1000 gy/M, = (1 000 р)/(32 g mol) = 31.25 mol 
m =m (1 Кр) = 1 mol 
yee M, (328 mol”) 
: P (0.7865 gem”) 
Hence for m = | mol kg !, we have 
ш... cm? mol + 11.5 cm? mol = 32.95 cm? mol” 
Total volume of the solution will be 


ye nX V, in) + ZUM 


= 40.69 cm? mol! 


(Eq. 6.1.3) 


= (1 mol) (32.95 cm? mol") + (31.25 mol) (40.69 cm? mot’) 


= 32.95 cm? + 1 271.56 cm? = 1 304.51 em? 


; » 2,app 
Now since V, om ^ Pago + My 
dn jJ, 


we get T [145 cm? mol! +11.5 cm? mol | m/ mol ke} 


(Eq. 6.14) 


lin mol 


damne e 
aa eme 


For m = 1 mol kg”, we have 
иң 2659 cm? mol! + 11.5 cm? mol! + 5.75 cm? mol! 
= 38.7 cm? mor! 


Finally, we have 


И= nV, om 090 ра 


1 
\ Hence V, om = — (V= nV, oe) 
n 


1 
= 40.50 cm’ mol" 
Thus for the given process, we have 
AV Vis Vi 
= 40.50 cm mol”! - 40.69 cm! mor! 


= — 0.19 cm? mor! 


(1 304.51 ст? – (1 mol) (38.7 cm? mot! )} 


ow 


Problem 6.1.3 


Solution 
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Suppose that the density of a solution is known as a function of the molar concentration с Ang id 

of solute, that is p = f(c). р 

(a) If c = nV, where n, is the amount of solute and V is the volume of solution, show Iu 
that the partial molar volume of the solute is given by the expression | 
y Е М, a (0p/0C)r , „ | 
Lm" “p—c(OplOc)r. , | 
(b) Also show that the partial molar volume of the solvent is given by the expression | 

M. 
| p-c(dp/ о), p.n, 
(c) If the density of the solution is a linear function of the molar concentration of solute, 


show that the partial molar volume of solvent is the same as the molar volume of the pure 
solvent and that the partial molar volume of the solute is independent of concentration. 


(a) Density of the solution can be written as 


1 nM, + nM, (1) 
V 
where V is the volume of the solution. Rewriting this, we have | 
Vp = nM, + nM, : 
or Vp = nM, + cVM, (Since c = nV) (2) 


Differentiating this with respect to n, keeping T, p and n, constant, we have 


eel Lnd 
\ 9л, T,p,n, дп, Т,рт дп, Т,рт on, T,p,n, 


Or = p* 2) E ne | v=) 
дп, T dc Тр, дп, Турл дп, pm дп, rp 


Now, since c = nj/V, therefore 


CAN Es 
дп, TA V V?^ian, тур, 


Introducing this in the previous expression, we have 


E "e | 
Lehr ale), pa) 
дп, Т,р,п дст, pn | И Van Т,р,т | on, Т,рт 


Rearranging, we have 


z) p-2(2) -cM, +m n 
| дп, Tp, V \ dc T, p,n á | 9с Т,рт 
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or 2 э М 091095 gie 
2, pm дп, T,p,n р—Сс(др/дс)т p,n 


(b) Differentiating Eq. (2) with respect to n, keeping T, p and n, constant, we get 


(| ofe) емко) em 
дп, | dn, : " dn, T, p.n; : on, T,p,n; 


Т,р,п T,p,n 6 2 
(=| ШЕ Н =М, ни vu 
дп, T дс рњ дп трт, on, oe длу Туру 
| Now c = n ү therefore 
li NE Cd 
дп 25077 y, дт T,p,n; 
Met 


Substituting this in the previous expression, we have 


"WES 
an, Турл, dc T, p.n V дп, Турл, | 


D meis зонд + 
ema a ro tme н-т Ме Чы Шш ee a Yii Powe d s one are p ie E: 


Rearranging, we have 


i [p-a] -cM, +M,—|=M, 
дт Турп, 5 дс T,p,n, V 


or НЗ ЖЕ -cM, +сМ, |= М, 
l дп T, pts дс Т.р, 


or V Еа M 
S" (an M p- c(3p/dc);. , n, 


(c) Let the density of the solution be related to its molar concentration by the relation 


^v 


0 =а + be 
\ 
where а and b are constants. The constant a represents the density of pure solvent; substituting 
c = ( in the above expression, we get a = ру. Thus, we have 
p= p, + be 

Therefore 

d 

P b 

de ` 

J Now V, m^ M, - dp/ dc = M, -b _M,~6 
^. (p-cedp/de) (p*bc-bc) р 


\ 
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In the expression, c does not appear. Therefore, it is obvious that the partial molar volume 
of the solute is independent of concentration. 


М M LM 
(p-cdpíde) {p +bc-bc) p 


= Molar volume of pure solvent _ 


Now Vim” 


6.2 EXPERIMENTAL DETERMINATION OF PARTIAL MOLAR VOLUMES 


A straightforward method. for eee Vi, om Of component 1 in a binary d 
solution of known composition is to measure volumes of solutions obtained by I 
adding varying amount of component 1 in a fixed amount of component 2. A graph | 
between volume of solution and amount of component 1 is plotted. The slope of 


the line at the given composition of the solution gives the partial molar volume 
of thé component 1. 


Method of Intercept A considerably more precise method for the determination of partial molar volumes 


(or in general any partial molar quantity) is the method of intercepts. The principle 
underlying this method is described below. 


Let Vix mix be the volume of mixture containing a total of one mole of the two 
components, Obviously, it will be given as 


V 


A mix | (6.2.1) 
| ' n tn | 


where V is the volume of the mixture containing the amounts n, and п, of 
components 1 and 2, respectively. Since partial molar volume of component 1 
is defined as (0V/dn,)p , „, (written hereafter as (6V/on),, since T and p remain 
constant during the experiment), it follows that 


l H | AN (9*1 m, mix 
(CN ШУЛ дт а 


2 


Е bs mix + (п, " n) I (6.2.2) 3 
; | an, я ; 
Since x, + x, = 1, the total molar volume У, mix at a given temperature and 
pressure will depend only on one of the mole fraction terms. Writing it as | 
N A mix fex) (6.2.3) | 
dV, | 
weget dV, = | —— Idr, (6.2.4) | 
1 dx, = 


Division of the above equation by dr, and restriction to constant n, gives 


OV, [И 
m,mix m, mix Ө (6.2.5) 
( On, Е do Jda Jy 


i n 
Nowsine x= — 
n +M 


LLL EIL 


шшш Т 
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we have ЕЗ Е же n | (6.2.6) 
m), (nem) (+m) 


Hence, Eq. (6.2.5) becomes 


( OV ых NL mix” | Xa 
U» dn : de n + n, 
Substituting the above equation in Eq. (6. 2. 7), we have 


| (OV, Xx. dV, ,mix 
ENS ВЕЕ? | z | Tn | = | (62.7) 
: 2 


2 | Fig 
A similar treatment for V; m yields - Н | 
| А 
T .. (dV, "E 0 
а mix ^ А рт + Xi | га | (6.2.8) sol 
| A 
Al 


Geometrical interpretation of Eq. (6.2.7) (or 6.2.8) is straightforward. This represents ' 
the tangent line drawn to the plot of V, mix VETSUS X (Or V, mix versus Ху) with: 
intercept equal to V, sm (or V; pm) and slope equal to d, „ы/дх› (or Woy, п/ф). 
Both the plots of А mix Versus x, and У mix versus x, represent a single plot as 
X, + x, is always equal to 1. This is illustrated in Fig. 62.1 where the intercepts 
are V, pm at x, = 0 (or x, = 1) and V, at x, = 1 (or x, = 0). In fact, Eq. (6.2.8) 
may be derived from Fig. 6.2.1. The slope of V, mix versus x, at P is given by 
expression 


пк рт Pix 
dx, 1-х, 

On rearranging this expression, we get 

Ve mix 

dx, 


Since x, + ху = L, it follows that dx, = — dx,. Hence, the above expression becomes 


Pi mix ^ А pm (1 i x) 


Equations (6.2.7) and (6.2.8) are valid for any extensive property Y (say, V, U, 
Н, $, А and С) of the mixture. Hence, these equations may be generalized to 


йу 
Fama Tit n T€ 
dY 
Fat amt a| ч 
} 


\ 


Fig. 6.2.1 The method 
of intercepts to determine 
the partial molar volumes 
of components of a binary 
solution · | 


Alternative Method 


In older literatures, partial molar volumes have been determined by plotting a graph 
between the reciprocal of the density of the solution versus the mass per cent of 
component | (or component 2), rather than Vn, mix versus x. Equation (6.2.7) can 
be rewritten in terms of the reciprocal of density of the mixture (1/0) and mass 
per cent of component 2 (у), we have 
bout о ж (6.2.9) 
Prix Prix 


Therefore 


Фа М, -M 
— 2 — 1M, *x(M;- игы 
dx, 


The dx will be related to dw as shown below. 


КИ Prix) 
dx 


mix 2 


ы! (6.2.10) 


№) = "2 100 =e упр 2202 уро 
m, +m, nM, *nM, x M, + xj M, 
M. 
or у= —— —L 2 ур (62.11) 
M, *x(M; - М) 


Taking inverse of the above expression, we have 


| M, М,-м 


+ —————-——— 
и, XM, х100 М, x100 


Differentiating the above expression, we have 
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Substituting dx, from the above expression in Eq. (6.2.10), we get 


dV. M.-M 2 | 
a eem M nb Mm Mm OU Paix) 
dy, Pix 53M, x100 dw, 


Making use of Eq. (6.2.11), we get _ 


Чат М-М 5М,Х100 Миз рь) 


фо Prnix w XM,x100 dw, 
| -M, Mw, dll! poy 
Рах X, Ф о 
Substituting Eqs. (6.2.12) and (6.2.9) in Eq. (6.2.7), we get 
My+x(M,-M)_ M 5 М, ‚ М» dU б) | 
Pix Pi pm Prnix X dw, 
On simplifying, we get l 
l l d(l/ Prix) | f | Sol, 
а ра с 7 т ( | 
Pmix Di, pm dw, o) 


Similarly, Eq. (6.2.8) will become 


1 : | 
PU (6.2.14) 


Dux P 2, pm dw 


Hence, a tangent to the curve 1/0, versus w, at any particular w, has an intercept 
on 1/0, axis of 1/P; ym, whereas a tangent to the curve I/p,,i. versus w, at any 
particular w, has an intercept оп 1/0, of 1/0, pm: Both the curves can be represented 
by a single plot as w, + w, is always equal to 100. The partial molar volumes are 
obtained by multiplying the two intercepts with the respective molar masses. 


Partial Molar [f a solution contains more than two components (say, m), Eqs (6.2.2) to (6.2.6) 
Volumes in a will, respectively, take the form given below. 
Solution Containing ay 
More than Two V, а V mix оа | н |, (6.2.15) 
. Components ' on, P 
Ven, mix 7 o s p Xj A Xy) (6.2.16) 
ars mix | 
"NS "ES dx, 62.17 
m, mix pm OX, Xj | ( ) 
jek, i 


m, mix ЕУ m, mix ox, 
| On, ee dx, Jy (dn, Ji. (6.2.18) 
| у e 


2.12) 


2.13) 


5.2.14) 


tercept 
at any 
sented 
nes are 
S. 


(6.2.6) 


5 
g 


6.2.15) 


6.2.16) 


6.2.17) 


(6.2.18) 


Problem 6.2.1 


Solution 
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| Me OO 
(On; /] пы (6.2.19) 
ji 
Substituting Eqs. (6.2.18) and (6.2.19) in Eq. (6.2.15), we get 
Yi OV mix | 
РЕ ux kei k OX, *j (6.2.20) 
| jet 


Equation (6.2.20) is the required expression for the partial molar volume in a 
solution containing more than two components. 


Show that 
| | ш z Ts mix -X 
can be written as 
M, mM,(1+ mM.) dp 
P dm 


where m is the molality of solute in the mixture and p is its density. 


Vi: pm = 


By definitions, _ 


п |. 1 n 
ху and m= =— 


Thus eer nM 
(n,/mM,)+n, 1+mM, 


М, dm- nM, ; = М, ; dm 
l+mM, — (Le mM). — (mM) 


Hence dx, = 


The molar volume is 


ү „ҖАМ+%М, Mu rx(M;- M) 


m, mix p p 
Hence, dI mix = М-М Е М+5(М-М) dp 
dx pc p dx 


Replacing x, and dx, in terms of molality, we get 


Qs = М.-М _ My + (mM Le mM) - M) (+ mM" dp 
dis p p M, dm 
p p dm 
Thus . "ыш -[ mM, Jes (1+ mM,) (1 mM,) dp 


l+mM,)| p p! dm 


d nM, [ac memo 


1+ mM, p р? dm 
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The molar volume of the mixture in terms of molality is 


— M,+{mM,/+mM,)}(M, - М,) 


Von, mix — 
| p 
р. \1+тМ,‚, р 
dV, 
Hence, у, pm Vn, mix X | E 
И М mM (1+ mM) dp 
0 p dm | 
The corresponding expression of V; pm (= V, mix ~ xj Р, s; dj) is 
— M, 1+тМ, dp 
bud oT ee 
[ р А Е 
Example 6.2.1 The density p of an aqueous solution of a solute (Molar mass = 58.5 g mol !) of given by 


plg ст? = 0.997 1 + 0.047 2 (m/m?) – 0.003 1 (m/m. + 0.000 3 (m/m?/? 


where m is the molality of solute in solution and m? = 1 mol kg". Determine partial molar 
volume of solvent in a solution of molality 0.5 mol kg”. 


Solution From the given expression of density, we get 


-3 
dip/gem ) _ 00472-2 x 0.0031 (mm?) +3 x 0.000 3 (тту 
d(m/ m°) 
For 0.5 mol kg” solution, we get 
plg cm? = 0.997 1 + 0,047 2 x 0.5 - 0.003 1 x 0.5” + 0.000 3 x 0.5° 
| - 1.0200 
Hence, p-1000g cm? 
d(p/gcm^) 
d(m/ m?) 


= 0,047 2 -2x0.0031 x 0.5 +3 x 0.000 3 x 0.5? 
= 0,044 3 

: dp _ 3 4 
Hence, n 0.044 3 (g cm™ /mol Ке ) 


= 0.044 3 x 10? g? cm” mol” 
\ Now mM, = (0.5 mol kg™).(0.018 kg mol !) = 0.009 
mM, = (0.5 mol kg) (58.5 x 10? kg тої!) = 0.029 25 


M, . mM,(1+mM,) dp 
ugue ООО eae 
p p dm 


=| | 
x cen e. со ) (0.044 3х10 g? cm? mor’) 
1.0200 рст” (1.0200gcm 7) 


= (17.647 + 0.394) cm? mor! 


- 18.041 cm? mol! 


6.3 


Proi 


Solu 


6.4 


of given by 
nim oy 


rtial molar 


a 


оГ!) 
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6.3 CHEMICAL POTENTIAL 


The most useful vids molar quantity is the partial molar free energy G, RC 
so useful that it is given the name of chemical potential and a separate symbol |, 
to emphasis its generality: 


9G) | 
= HM m (63.) 


j*i 
Chemical potential is an intensive property because it is a molar quantity. 


Problem 6.3.1 ' ' Using the criterion - 
/0х, Уу, i.) - M fü y.) 


for the homogeneity of a function of degree. п, show that the partial mola owe are 


intensive properties. | 

Solution Since the thermodynamic properties are homogeneous functions of degree 1 with respect 
to the amounts of substances, we may write | 

ї (Улу, Am ..., Anp) = M Қи nj... nj) j (6.3.2) 


Differentiating both sides of Eq. (6.3.2) with respect to n; keeping the amounts of other 
substances constant, we get 


дї (Ал, Am, Amy) _ n дї (т, My, ...., л) 
и дт. дп, 
Dividing both sides by A, we get 

OYA, Am, AN) _ 90 BY (ty Maas Me) | 


Qn) | дп, 
Rewriting the above expression in the common alternative form, we have 
Y, mAN, Алу... Atty) АЕ ьт). (6.3.3) 


Equation (6.3.3) states that the partial molar quantity Y, is a homogeneous function 

of zero degree with respect to amounts of substances, i.e. it is an intensive property. 

Form Eq. (6.3.3), it is obvious that although r, pm, depends on the composition of the 

system (i.e. known values on п, n, etc.), it is not dependent on the total size of the 

system (i.e. whether the amounts of substances are simply n, и), ... ot Amy, Эл,,.... 

In other words, it may be stated that Y, „y is a function of mole fractions of the 

N substances as these remain the same whether the amounts are пу, п», ... OF Ал, №)... 


6.4 EXPRESSIONS OF dU, dH, dA AND dG FOR MULTICOMPONENT OPEN SYSTEM 


If a system contains a total of k.components, then 
G= f(T, p, ny, ny «5 ny) 
Its differential is given by 


aG дб 0G} — 
ТЕ КОК 
дТ pas др T, 2, on; T,p, njs 


І 


j#i 


Different Ways of 
Defining Chemical 
Potential 
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- Substituting Eq. (6.3.1) in the above equation, we get ` 


0G 
dG= E: Р dT + Е J +) L; dn 
oT Т,п$ др ш d 


Making use of Eqs. (5.4.7) and б 4.8), we get 


dG =-SdT+ vap+ УЙ dn, | (6.4.1) 
i=l | | 
Now since A = G – pl; therefore 
d4 = dG -p dV- V dp 


Substituting for dG from Eq. (64.1), we get | 


dd = [sare dps Sa | pdv- y dp 


i=l 


=-SdT-pdV+ Ушё ——— (6.4.2) 
Similarly, for enthalpy i | 
Н= 6+ ТЅ 

іН = d@t+TdS+S dT 


-[- side 
i- 


= Td$ 4 Vdp+ y ш, dn, (643) 
i=l 
and for energy U = H - pV 


dU = dH - p dV -V dp 


o i -par~ V dp 


i-l 
= Td$ -pdV + Уй dn, (6.4.4) 


If the amounts of all components are held constant, then Eqs. (6.4.1) to (6.4.4) 
are reduced to 


dG= -SdT+Vdp (6.4.5) 
d4- -SdT-pdV | (6.4.6) 
dH = TdS - Vdp (64.7) 
dU = TdS-pdV (6.4.8) 


Equations (6.4.5) to (6.4.8) are applicable to closed systems. 
From Eq. (6.4.2), it follows that | 


H7 5 | (6.4.9) 


(6.4.1) 


(642) 


(643) 


(6.4.4) 
) (6.4.4) 


(6.4.5) 
(6.4.6) 
(64.7) 
(6.48) 


(6.4.9) 


Similarly from Eqs. (6.4.3) and (6.4.4), we have 


: From Eq. (6.4.12), it is obvious that the chemical potential plays a different role 
in each of Eqs (6.4.1) to (6.4.4), even though it is the same quantity in all cases. 


6.5 THERMODYNAMIC RELATIONS INVOLVING PARTIAL MOLAR QUANTITIES 7 


By definition, the partial molar quantities for functions V, U, H, 5, A and G are 
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са | 6410). 
' (ди, $ cy) 
Djs 
d ЁЗ | ме С (6.4.11) 
дп; $У/,пв . | 
Неке ДШ = el (à КЕЗ | (6.4.12) 
д? dn; D pins дп, TY ns дп, Spans дп, SV ins 


ji 


given by — 
oV QU 
n; T,p,nj; | п; T,p,ns 
| OH \ | д5 
eg. et 
04 Т,р,п 8; I Т,р,п 5; 
je js 
oA} ~! 0G 
Ара e x G pa” E (6.5.1) 
hijr ТАТЕ i T,p,ns; 


j*i 


It is important to see that while the chemical potential can be defined by any 
one expression of Eq. (6.4.12), but only the first one 1s a partial molar quantity. 
Now | Н= О+ру 


Differentiating the above equation with respect to n, keeping 7, p and all other 
\ 


ns constant, we get 


TIn Eq. (64.12), the chemical potential has been defined in terms of dG/dn,, dA/dn; , ӘН/д, 
and dU/dn; . In each of these expressions, the variables kept constant are the corresponding 
natural independent variables and the amounts of all the constituents of the mixture except 
the one under study. The natural independent variables as defined earlier are G(T, р), 
A(T, V), H(S, p) and US, V). The expression of various partial molar quantities (Eq. 6.5.1) 
are very similar to. thóse of chemical potential with the notable exception that in all the 
! partial molar* quantities, the Variables T and p are kept constant whereas in the expressions 


of chemical potential, the variables kept constant are the corresponding natural independent 
variables. 


MEME 5 tees seme Сз» 
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= (E TES 
ди; T,p,ngs on, Т,р,п 5 дп, T.p,ngs 


jti j*i j#i 


or H. 


iunc Ua tU (6.5.2) 
Similarly for the functions 4 and G, we get 


Á 


i, pm Б U; pn ТУ, m | i (6.5.3) 
б, pm = Ш Н, pn | TS; pm (6.5.4) 


Equations (6.5.2) to (65 4) show ‘that the partial molar quantities are interrelated 
in the same way as the total quantities. Other expressions involving G, V, H, U, 
and so on have their respective. analogues with ur, V; ow H; pw Ui, pw 
For example, the relations | 


-which are applicable to a single-component system become 


and so on. ` 


EJ 
aT ) pn, 


Е E pm and EJ z A pm 
T, njs 


др 


for a multicomponent open system. These equalities may be proved as follows: 


р 
ee 


Similarly cal 
p Т,п$ 


Japo 
| oT ðn; ee 


j#i p,ns 


n 
дп, \OT PTS) m pns 


j#i 


о Ж „о 
9 OP\ ON: Jr pns on, 


| FULT ays. 


(Since the order of differen- 
tiation does not matter as G is 
a state function.) 


(6.5.5) 


Pr 


So 
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Problem 6.5.1. _ ... Show that 
ш) 2 AH, gs 
ouo Т 
Solution | We prove the above équation as follows: 
мт lx dr , 
ME Mnt Ay, a+ CAS, a) 
( oT риз т oT ae Р 
1 i, 
= ~ pr AA om 7 AS; pm) + Є AS, pm) 7— Do 


|85. 


6.6 THE ESCAPING TENDENCY 


Suppose a substance is present in two different regions о and D of a system. Let 
The and. Ш? be the values of chemical potentials of the substance in these two 
regions of the system. Suppose that we transfer the amount dr of the substance 
from the region à to region D. Then, according to Eq. (6.3.1), we have 


dG = py (dn) (6.6.1) 
and  dG® = џ® (dn) (6.6.2) 
The total change in free energy of the substance is given as 


dG = dG + qo 
or dG = (- ® + p) dn (6.6.3) 


Now if pf > TA then dG is negative and hence the above transfer of the 
substance from the region & to region B will occur spontaneously. Thus, the 
substance flows spontaneously from a region of higher chemical potential to a region 
wheré the chemical potential is low. This flow will continue till the substance in 
both the regions have the same value of chemical potential, since at this stage dG 
will be equal to zero and hence the system will be at equilibrium. 


Based on the above characteristic that the matter flows spontaneously from a 
region of high chemical potential to.a region of low chemical potential, G.N. Lewis 
proposed the term escaping tendency for the chemical potential. The chemical 
potential of a component in a system is directly proportional to the escaping 
tendency of that component. 


6.7 CHEMICAL POTENTIAL OF A GAS © 


Chemical Potential The chemical potential u of an ideal gas at a given их is related to its 
of an Ideal Gas pressure p through Eq. (5:6:8); Le. 


B= р + RT In (р/р?) | (6.7.1) 
where "a 18 the standard chemical potential when the pressure of the gas is p°, 


(ie. standard-state pressure of 1 bar). It may be noted that и depends on both T 
and p whereas d depends only on T. 


Suse titan а Ra a NC Be тыт SSS == не mI = 
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Chemical Potential 
of a Pure Gas 


Equation (6.7.1) suggests that at a given temperature, the pressure of the gas 
is a measure of its chemical potential. If inequalities in pressure exist in a gas 
container, the gas flows spontaneously from the high pressure region (high chemical 
potential) to the lower pressure region (lower chemical potential) until the pressure 
is equalized throughout the vessel. In the latér stage, the gas has the samie value 
of chemical potential throughout the container. 

The chemical potential of a pure gas (ideal or real) at temperature T and pressure p 
may be expressed in terms of chemical potential of an ideal gas (abbreviation; ig) 
by the following identity. 


H, T,p =, T` + Hig Тр =» 2 [M - Hig, - 


+ Шатр | Me 1,520 
where Hig T p= 9 = Ugr p о 85 all gases behave as an ideal gas at p = 0. The 
above identity is equivalent to 


(6.7.2) 


= pep +RT nA | [2 hy (6.7.3) 
p 


Since for an ideal gas V, = RT/p, the above expression for ideal gas is reduced to 


Me tp ог (Eq. 5.6.8) 
Equation (6.7.3) can be expressed i in terms of T and V as independent variables 
by using the expression 


ФР.) = pdV,, + V,, dp 


with the limits of integration are 


RT to pl, for d(pV,) 
and | œ to ү, for dV, 


as the corresponding limits for dp are 0 to p. This follows from Ue fact that at 


p -0, lim pP, =RT and tim ae 
With these, 622) becomes 


Ves pec -Lagra 


RT P jh, 
af ВТУ р" 
| Us Ear, 
оо р И | 


6.8 


if the gas 
in a gas 
chemical 
pressure 
me value 


wessure р 
lation; ig) 


(6.7.2) 


= (). The 


(6.7.3) 


educed to 


Eq. 5.6.8) 


t variables 


t that at 
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| pV, Va 
= ро p+ RT nÈ | i gio PE ur, 
р ЕТ рї о ү 


^ p рї, | RT 
= не p+ RT In~+(pV,, - RT) -RTIn 2 - edly 
| Hig T p° (р m ) RT L [ y 


| | oV. Vn з | 
= pyr ph, - RT)- RTI E- | 637 


‚ For а van der Waals gas, we have 


RT а 
PU yb у 


Hence, 


m 24 RTRT n Ra RT in 9 (6.7.4) 
Vab V RT. CL 


us o 
7 Hig, T + Е 


т 


Equation (6.7.4) reduces to Eq. (5.6.8) for an ideal gas (for which a = 0, b = 0 
and V /RT = 1/р). 


6.8 CHEMICAL POTENTIAL OF A GAS IN A MIXTURE OF IDEAL GASES 


The expression for the chemical potential of an ideal gas in a mixture of ideal 
gases can be obtained by replacing p in Eq. (6.7.1) by the partial pressure of the 
gas in the gaseous mixture. Thus 


Himi) = Hi + RT In (рур?) (6.8.1) 

where p? = 1 bar. Since p; = x,p, therefore 
Шъ) = Hi + RT In (р/р?) + RT In xj (6.8.2) 
= 1+ RT In x; (6.8.3) 


where u* represents the chemical potential of the pure ideal gas at temperature T 
and pressure p and is given as 


u*= u+ RT In (р/р) | (6.8.4) 


Since x; < 1, the term RT In x; in Eq. (6.8.3) has a negative value. It, therefore, 
follows that | 


Шак) < Ш (6.8.5) 
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‘that is, the chemical potential of an ideal gas in a mixture of ideal gases with a 
total pressure p is less than the corresponding value for the pure ideal gas at the 
same total pressure p. 


Phenomenon of Consider a system in which a pure gas A is separated from a mixture of gases, 

Diffusion containing the gas A as one of the components, by a suitable membrane permeable 
to the pure gas as shown.in Fig. (6.8.1). Let the pressure of the pure gas be the 
same as the total pressure of the mixture of gases. 


C 
M 
| z gas А mixture of gases 
Fig. 6.8.1 Process of 
diffusion 
Making use of Eq. (6.8.5) and the fact that the substance flows from a higher 
chemical potential region to a lower chemical potential region, we can conclude 
that gas A will diffuse from the region of the pure gas to that of the mixture of. 
gases, 1.е. from the left hand side to the right hand side of Fig. 6.8.1. | 
6. 
6.9 PARTIAL MOLAR QUANTITIES OF A GAS IN A MIXTURE OF IDEAL GASES 
А‹ 
Expressions for the various partial molar quantities of an ideal gas in a mixture of Fr. 


ideal gases can be obtained from Eq. (6.8. i which gives 


Himi = Hit RT In x; (6.9.1) 
Partial Molar Entropy Differentiating Eq. (6.9.1) with respect to temperature, keeping р and ns constant, 
we get | | | 
д i(mix \ Y 
Hirai) = дщ +Ё]Їһ X, 
oT oT 
р, 15 р 
or Si pm = Sim RInx, (6.9.2) 


where 57... can be derived from Eq. (6.8.4) and is given by 
` Si m S? m- Rin (р/р°) 


Partial Molar Volume Similarly, differentiating Eq. (6.9.1) with respect to p keeping T and и constant, 


we get 
E | S EJ 
Ф Ions VOD Jr 


Deriving (9и*/ dp); from Eq. (6.8.4), and then substituting in the above expression, 


with a 
at the 


gases, 
neable 
be the 


higher 
nclude 
ture of 


«ture of 


(6.9.1) 


onstant, 


(6.9.2) 


onstant, 


yression, 


Comment on Partial 
Molar Volume 


Additivity Rule for 
Free Energy 


ме get 


Oll |. RT RT 
е =— Ot Vi m= =, (63.3) 
T,ns | p | 


dp р 
that is, Ше parttal molar volume of an ideal gas in a mixture of ideal gases is the 
same as that of the molar volume of ће pure ideal gas. 


For an ideal gas mixture, we have 


! p 


where п is the total amount of all the gases in the mixture. Comparing this with 
Eq; (6.9.3), we get 


d (6.9.4) 


n 


that is, the partial molar volume is simple the average molar volume and thus the 
partial molar volume of all gases in a mixture has the same value. 


6.10 ADDITIVITY RULES 


In order to express the free energy of a system in terms of chemical potential and 
the amount of the components, we will require the integrated from of the equation 


dG- У y, dn, | (6.10.1) 


; l 

This can be done by considering a system consisting of a very large quantity 
of the mixture of uniform composition. This system will be in equilibrium and, 
therefore, will have the same values of us throughout. Consider a small volume 
of this mixture. We are interested in finding how the free energy changes if this 
volume is increased so as to enclose the greater quantity of the mixture. This can 
be done by integrating Eq. (6.10.1). If n; and n; are the amounts of ith component 


before and after the expansion and G’ and G are the corresponding free energies, 
then we have 


G n; 

jJ, 46- У, | ui dn 
or G-G'- Y u(n-m) | (6402) — 
since I; remains constant. Initially if the volume is zero, then n; = 0 and С’ = 0. 
Thus, the above equation reduces to 

G= Ln, (6.10.3) 
This is the additivity rule for the Gibbs free energy. Knowing the chemical potential 
and the amount of each constituent of a mixture, we can compute the total free . 


energy G of the mixture at the specified temperature and pressure. If the system 
contains only one component, then Eq. (6.10.3) reduces to 
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Additive Rule for 
‘Entropy 


Additive Rule for 
Volume 


Additive Rule for 
Enthalpy 


Additive Rule for 
Internal Energy 


G-nL o p= (6.10.4) 


Thus, the chemical potential of a pure substance is simply the molar free energy. 
In the, mixture, р, stands for the partial molar free energy of the substance i. 


The additivity rule is applicable o to all the partial molar quantities. These can 
be derived as follows. 


Differentiating Eq. (6.10.3) with respect to temperature keeping. p and all ns 
constant, we have 


n. др; 
=), E 6.10.5 
INCUN 6.05 
But we know that | 
=] E | 
= =-$ and aoe =-$ om Eq. 6.4.5) 
E " Tons 9 (60) 
Thus S= Èn; $, om | | (6.10.6), 
Differentiating Eq. (6.10.3) with respect to pressure keeping T and all ns constant, 
we have | 
ди; | 
СЕЕ 
др Т,п,$ др Т,п$ 
But ЁЗ =V and E =V, m (Eq. 6.4.5) 
др T,ns др Т,п;8 
Thus y- in V o (6.10.7) 
The chemical potential of the ith component is given as 
= Н, pm TS; pm (Eq. 6.5.4) 
Multiplying this equation by n; and summing, we have 
E эл, pm -Tin$, pm 
which reduces to 
G- УН ge Os 
But by definition G = H — TS, therefore 
Н = En H i (6.10.8) 


Multiplying the expression Mia Viu + рї, am with п, and adding, we have 


| La, ‚рш = ‚рт * pnl i Б) 


which reduces to 


A 
Hi 
Е 


De 
Ac 
Eu 


Ad 
An 
а$ 


10.4) 
ergy. 
> can 


ll ns. 


10.5) 


5.4.5) 
10.6) 


stant; 


6.4.5) 


10.7) 


6.5.4) 


5.10.8) 


һауе 
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H= LnU; om + PV 


But H = U + pV; therefore 


U= Ул, mo | (6.10.9) 
Additive Rule for Starting with e equation 
Helmholtz Free Aog Ua ras (Eq. 6.5.3) 
Energy 
we have 21;4; pm = dnl; ой -TYn 5 ТЕ 


which reduces to 


LNA; pm =U -TS 


But U 75 = A, thus | 
A= Ут4 m (6.10.10) 
Hence, additivity rule is applicable to all extensive properties. 


Derivation of The above additivity rules can also be derived with the help of Euler's theorem 

Additive Rule using (Eq. 1.3.65) as applicable to homogeneous functions of first degree with respect 

Euler’s Theorem to the amounts of the substances present in the system, and thus at constant T and 
p may be written as 


Y= f(n, m, ... пр) 


where Y stands for any one of the above functions. Applying Euler's theorem, 


we get 
Y-n Df tn UR teu 2E 
làn ^an * дп, 
24 
= |8 = Уі, om (6.10.11) 
i i T.pnjs i 
Additive Rule for the The additivity rule is also applicable to the total amount or the total mass, so that 
Amount and Mass of = S(I)n, (6.10.12) 
a Substance os 
ч m-XMmn . (6.10.13) 


Thus, the partial molar amounts are all equal to unity and the partial molar mass 
of a substance is its molar mass. 


Not that the Euler’s theorem has been applied to the function Y written as 


Y= f(r, n», ~ nj) 
and not as 


Y= f(T, p, n ny ., nj) (6.10.4) 
since the function Y may not be a homogeneous function of first degree with respect 


to either T or p. For instance, the function G is not a homogeneous function of 


Erg OPE ere ERATES PAS — AAI AFOSR AREA AE сала ORE адаары ану Бога TAME ОРВИ SATE RROD ОША Ое ын TNE E 
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either T or p (see Problem 6.10.1). Hence, Eq. (6.10.11) holds good for any given 
values of ‘temperature and pressure. 


Problem 6.10.1 Show that G is not a homogeneous function of first degree with respect to T and p. 


Solution ` If it be assumed that G is a homogeneous function of first degree with respect to T and p, 
according to Euler’s theorem, we would have | 


E 
or др jr 
> REED 
But by definition 
G= H-TS-U*pV ~ TS 


Since the two equations of G are not identical, our assumption that G is a homogeneous. 
function in 7 and p must be wrong. 


Example 6.10.1 The volume of an aqueous solution of NaCl at 25 ?C is expressed as a function of the 
amount т in 1 kg of solvent in the following form: 
Ист? = 1 000.94 + 16.4 (m/mol) + 2.14 (т/то!)°2 – 0.002 7 (mimo) — ' 
(a) Find the partial molar volume of NaCl in water in 1 mol kg” solution. : 
(b) Given that the molar volumes of NaCl(s) and liquid water аге 27.00 and 18.07 cm? 
mol 5, respectively, find A.V, for 


(i) = H,O + NaCl(s) —› solution (1 mol kg !) 


(ii) NaCl(s) + NaCI(1 mol kg™ solution) 
(ii) H,O(1) > H,O(1 mol kg™ solution) 


Solution (a) The partial molar volume of NaCl in the solution can be determined by evaluating the 
expression dV/dm. From the given Ке of V, we get 


E = (16.4 cm? mol!) + 0 14 cm? mol) (m/mol)!? 


E : (0.0027 cm mol! ) (т/то])?? 


Substituting m = 1 mol, we get 


V, om = (16.4 cm mol! ) + (м cm? mol) -2 (0.002 7 cm’ mol”) 


= 19.60 cm? mol! 


(b) From the given expression of total volume, we get for 1 mol kg” solution 
Ист = 1 000.94 + 16.4 + 2.14 – 0.002 7 


i.e. V= 1019.48 cm’ 
In 1 mol kg ' solution, we will have 
10 | 
n = 00 g _ 1000 1 and n, =| mol 
l8gmol 18 


Hence, following the additivity rule, we write 


y given 


— —ÓÓMÀ 


p. 


T and p 


geneous 


in of the 
j^ 


3.07 em? 


ating the 


А 


mol") 


Example 6.10.2 


Solution 
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n ДРЕ + Ny Р pm E LA | 
к) Vi, ont (1 mol) (19.60 ст? mol! ) = 1 019.48 em? 
18 | | 


Thus Loge 18.00 ст" mol" 


Now, we have 
{i) 1000 H,O + NaCl(s) — solution (1 mol kg") 
10 
- e mol V40) ~{1 mol) V; (NaCl, s) 
| 3 (1000 NE Brn pl 
= 1019.48 ст - a (18.07 ст mol ) - (1 mol) (27.00 сп mol) 
=-1141 em! 
(ii). NaCKs) — NaCI(1 mol kg ! solution) 
AV = V pm = V m 
= 19.60 cm? mol — 27.00 cm? mol = -7.4 cm? mor 
(iii) Н,0(1) > Н,0(1 mol kg solution) 
AVE = Vin 
= 18.00 cm? mol! — 18 07 cm? mol! = – 0.07 cm? тог! 
What volume (in dm?) of water should be added to 2 dm? of laboratory alcohol (96 mass 
per cent ethanol and 4 mass per cent water) so that it is converted into vodka (44 mass per 


cent ethanol and 56 mass per cent water)? How much volume in dm’ of vodka is formed? 
Given the following information: 


9695 ethanol Vodka 
V (H;0) 0.916 cm? g” 0.953 cm’ g” 
V (ethanol) 1.273 cm? g” 1243 cm’ g”! 


Specific volume of water = 1.003 cm’ Е. 


Let m, and т, be the respective masses of ethanol and water in the given 2 dm? of the 
laboratory alcohol and let m, be the mass of water added to convert laboratory alcohol into 
vodka. Following the additivity rule, we write 


m, (1.273 cm? g’) + т, (0.916 cm? р) = 2 000 cm’ (1) 
m, (1.243 cm? g’) + (т,+ m} (0.953 cm! р) = V (2) 


where V 15 total volume of vodka formed. From the given percentage of laboratory alcohol 
and vodka, we write 


Ma 20 -24 (3) 
m, 4 

oo (b 
m +m 56 


From Eqs (3) and (4), we get 
m, = 24 т, | 
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m, + m= A -2 (24 m,) = 30.545 4 m, 


Le. т; = 29.545 4 m, . 
Substituting m, in terms of m, in Eq. (1), we get 

(24 m,) (1.273 ст? g~”) + m, (0.916 ст? g’) = 2 000 cm? 
which on solving for m, gives 

m, = 63.556 6 g 
Hence т = 24 m, = 1 525.358 4 g 

т, = 29.545 4 m, = (29.545 4)(63.556 6 g) = 1 877.805 g 
Substituting m,, m, and т; in Eq. (2), we get 

(1 525.358 4 g) (1.243 cm? g’) + (63,556 6 g + 1 877.805 g) (0.953 cm’ g’) = V 


which gives 


V = 3 746.14 cm? - a 
Finally V, = (m4) (specific volume) | Gib 
= (1 877.805 р) (1.003 cm? р!) = 1 883.44 cm? = 1.883 dm’ | Equ 
SP PEN эз == Che 
Example 6.10.3 The volumetric data for liquid mixtures of A and B are represented by the simple quadratic 
expression | 
Vicm? (mol of mixture) ! = 109.4 — 16.8 xg - 2.64 xå 
where хр is the mole fraction of B. Derive the expressions of Vs om ГВ, pm and АЎ. 
Solution We are given that 
Уст? (mol of mixture) = 109.4 — 16.8 xy - 2.64 хӯ 
Let the mixture contain the amounts n, and ny of A and B, respectively, From the above 
expression, we have 
3 n п? 
Jon =1094-168—#—-2.64—#—. 
n, t+ Np na + Np (n4 + ng) 
po 2 
HN | "ИШ Vien? = 1094 (n, + 14g) - 16.8 y - 264 — (1) Phys 
i e Ln t пр) Inter 
| Gibb 
| i ү 2 
ie à Now V. (=| = (09.4 cm?) + (2.64 cm?) — 2 5 Equi 
= 109.4 ст? + (2.64 cm’) xå (2) 
n Vs m = ПА =109.4 cm? - 16.8 ст? - (2.64 a E 
| | 7 Р 
+(2.64 ст) —— — 
(п  ng)' 


= 92.6 ст? - (5.28 cm’) хр + (2.64 cm’) xp (3) 


\ 
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For finding AV, we determine n, V4 m and ngV5 m from Eq. ( 
ng = 0 and n, = 0, respectively. Thus 


NAV m = 109.4 пд 


1) by substituting 


пъ, = 109.4 ng — 16.8 ng — 2.64 ng = 89.96 ng 


Hence AV = Voss) 7 Геше) 


| y | 
= (омо, + ny) 16.81 —2.64——5 l- [109.4 n, +89.96 np} - 
(n, + Ng) О 


| ' 2 
= 264 my - 2.64 + “В г =2641 \- "В ELKES 


ny t Hg Ny t Ng 
= 2.64 ng Xa | 
6.11 GIBBS-DUHEM EQUATION 
Gibbs-Duhem For a multicomponent open system, we have ; 
Equation Involving G= Yn, 
Chemical Potential i 


Differentiating the above equation, we get 
dG= Yu, dn; + (дщ) п, 
But, by the fundamental equation 
dG=-SdT+Vdp + Xp; dn, (Eq. 6.4.1) 


Equating the two equations, we get 


Yn, du, =-84Т+/@р (611.1) - 


which is the Gibbs-Duhem equation. 


f temperature and pressure of the system are held constant, we have 
Уп du, =0 (6.11.2) 


Physical Equation (6.11.2) shows that if the composition varies, the chemical potential do 


Interpretation of not change independently but in a related way. Taking, for example, a system of 
Gibbs-Duhem two constituents, Eq. (6.11.2) becomes 

Equation n dj, + n; аш, = 0 | | (6.11.3) 
Rearranging, we have | 


( n 
di, = "o дщ (6.11.4) 
nm 


that is, ifa given variation in composition produces a change dy, in the chemical 
potential of the first component, the corresponding change in the chemical potential 
du, of the second component is given by the above equation. It may be noted that 
if du, is positive (i.e. an increase in the value of 4) then д» is negative (i.e. a 
decrease in the value of 15) and vice vissa: 


earl iy a ePi ot LUPO AOE RTE EP нта "= керке —Á эы ia Retirer dcc] ус 


чогун. 
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General 
Expression of 
Gibbs-Duhem 
Equation 


Gibbs-Duhem 
Equation for 
. Volume 


Equation (6.11.4) has been derived for the changes in chemical potential caused 
by the variation in composition of a solution containing two constituents. Similar 
relations can be derived for any of the partial quantities. In general, we can write 
(when T and p are n 


Yn (AY, om) =0 (6.11.5) 
where F; sm, is any partial molar quantity. | 
Taking, for example, the Gibbs-Duhem equation involving partial molar volume, 
we have 


y- dnl, ji (6.11.6) 
Therefore dV = A od +L, dF; om (6.11.7) 
Taking V = f(T, p, nj, we have | | 
у= E ar) THES ài 
oT m др Tns i V On, bons 
At constant T and p, we have 
dV= iz dn, or ГА LY, om d (6.11.8) . 
T А 
pn ns 
Subtracting Eq. (6.11.8) from Eq. (6.11.7), we get 
in dV; om =0 (6.11.9) 
For a binary solution, we have 
nj dV, pm + m dV, pm = 0 
m 
Or СИЕ 0 (6.11.10) 


From Eq. (6.11.10), it follows that the changes in partial molar volumes of the 
two components vary in the opposite direction, i.e. if partial molar volume of one 
component increases then there occurs a decrease in the partial molar volume of 
the second component and vice versa. 


6.12 FREE ENERGY AND ENTROPY OF MIXING OF IDEAL GASES 


Let a number of gases at the same temperature and pressure be mixed as shown 
in Fig. 6.12.1. Since the total volume after mixing is the sum of the individual 
volumes, the temperature and pressure of the system after mixing will be the same 
as that of unmixed gases. The free energy of miting of the above process can be 
computed as follows. 


Fi 


at 
pri 


Fr 
Ur 


Fr 
Mi: 


ased 
milar 
write 


5.11.5) 


lume; 
3.11.6) 


6.11.7) 


6.11.8) 


6.11.9) 


1140) 


3 of the 
оѓ one 
ume of 


shown 
lividual 
зе same 
can be 


Fig. 6.12.1 Mixing of gases 
at the same temperature and 


pressure 


Free Energy of — 


Unmixed Gases 


Free Energy of 
Mixed Gases 


f 


Since each gas is present at the same T and p, its chemical potential is given by 
the expression 


щ= ш + RT In 5] (612.1) - 
p 


Hence С = Èn "n |... (6122) 


The pressure of the entire system is still p, but the individual gases have partial 
pressure given as 


pongas (6.12.3) 
Ул п 


where x; is the amount fraction of ith gas. The chemical potential of individual 
gases will be given by the expression 


u;= We + RT In 2 (6.12.4) 
p | 


which in view of Eq. (6.12.3) becomes 


w= Е an are. earns 
p р" 


Using Eq. (6.12.1), the above expression becomes : 
w= u; + RTInx, |... (6125) 


k k 
Hence базы“ nl = È n(u;t RT In x) 
| i=! i=! 
k 
= Dinu, +RT Èn In x; | (6.12.6) 


Using Eq. (6.12.2), we have 


k 
Спа x (Ска! + КТ > ni In X; (6.12.7) 
i=l 


EDE 
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Free Energy of 
Mixing 


Fig. 6.12.2 A, G/nRT 
versus x for a binary ideal 


mixture 


The free energy of mixing is given as 


А0 = Съ 7 Оты 
From Eq. (6.12.7), we get 


АС = RT Ўш =н (A Jin s entr Inx, (6.12.8) 
i=] 


In Eq. (6.12.8), п represents the total amount of gases which are pene mixed | 


together. 


Since x; € 1, therefore, every term on the right side is negative and so the sum 
is always negative, i.e. a decrease in free energy occurs. It follows from this that 
the formation of a,mixture from the pure constituents always occurs spontaneously. 


If there are only two substances in the mixture (binary system), then we have 
ху=х and x-1-x 
With these, Eq. (6. 12. 8) becomes : 
Ао = ORT [x In x * (1 2x) In (1 - x)]: (6.12.9) 
A plot of A, .,G/RRT versus x is shown in Fi ig. 6.112. e curve exhibits 
minimum at x = 1/2 and is symmetrical about this value of x.' | 


The greater decrease in free energy of mixing is associated with the formation of 
the mixture having equal amounts of the two constituents. - 


AmixG/nRT 


"The value of x can be obtained by differentiating Eq. (6.12.9) with respect to x and equating 


the resultant expression to zero. 


Q(A G/nRT , 
пава Ned нянею) = |+ 
"2 Iix-ln(1-3)20 or ш——=0 of -=l or x=- 


Exan, 


Solut, 


Probi 


Solut 


Entr 


8) 


ting 


Example 6.12.1 


Solution 


Problem 6.12.1 


Solution 


Entropy of Mixing 
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—————— ———Pr—— OG ата 
Calculate А „С for mixing the constituents of air (80 mole per cent nitrogen and 20 mole 
per cent oxygen) at 298 K so as to get 1 mol of air. 


Substituting xy, = x, = 0.8 and Xo, 7x, = 0.2 in the expression 
AnixG = ART [x, In x, + x, In xj] | 
weget AG = (1 mol) (8314 J K- mol) (298 K) (0.8 0,8 + 0.2 tn 0.2) 
| = (24416 J) (- 0.178 5 - 0.321 9) 
--] 2248 J = -1.25 kJ 
Shok that the free energy of mixing of three gases has a minimum value with respect to 
each gas only when x, = x; = ху = 1/3. 
The expression for free energy of mixing of three gases is 
Aix = nRT {x, In x, +x, In xj +x, In xj] 
Since x; +x) + ху = 1, we get 
АО = MRT [x, In x, + x, In x, + (1 7x 7x) In (l -x - х3) 
For а minimum value of А „О with respect to each gas, we set (9А, б/Әх),, and 
(0A х С/9х,), separately equal to zero, Le. 


| = 1+Inx,-1-In (1 -x =) 
Ox, 


» 

=Inx-Inxy3=0 э x75 
ed = 1+1 -1-In(1 -x -x) 
дх, 


Xx 
=Inx,-Inx,=0 ә 575 
From these, it follows that 
Ape S 
Now, since x, + x, + x, = 1, we will have 
Xx = = 1/3 


Comment: The above er may be extended to a ‘mixture of n E It d be shown 
that, AG for mixing п gases has a minimum value provided x, = x = = V. 
that, A, for mixing п gases has a minimum value provided y" $97 7 е _ 


Since (90/97), = —5, therefore, differentiation with respect to temperature yields: 


Ez ] - ы | (а) 
ПМЕ РӮ oT Jpn QI Jus, 


oS (5 final ~ Заа) 7 - Agi 
Thus, differentiating Eq. (6.12.8), we get 


Ez 


JT | = nR Lx, In x; 


\ 
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Fig. 6.12.3 Plot A, .S/nR 
versus x for a binary ideal 


mixture 


Enthalpy of Mixing 


Therefore AnS = —nR 2.x; In x; | (6.12.10) 


The negative sign means that А.о is always positive. This corresponds to the 
increase in randomness which occurs in mixing the molecules of several kinds. 


A plot of A, S/nR versus x of a binary mixture according to the equation 
Ang? = -nR[xlnx+(1- - x) In (1 - x)] (6.12.11) 


is shown in Fig. 6.12.3. The entropy of mixing has a maximum value when x = 3 


This value can be obtained by differentiating Eq. (6.12.11) with respect to x and 
equating the resultant expression to zero. The numerical value of which per mole 
of mixture is | 
A nix -l -l (5 I 2) 
— = –(8.314Ј К mol In -+— ii 
жаш. 25273 


= (8314 TK" mol In = 245768 KC mor" 


Thus, in a mixture containing only two em the entropy of mixing per mole 
of the mixture varies between 0 and 5.763 J K^, depending on the composition 
of the mixture. 

0.8 


0.6 


A^ mix. S / nR —— 
ce c 
t2 > 


That fact that 
Anxa =- T AnixS (6.12.12) 


mix 
indicates that for the mixing of ideal gases w 0 since AG = AH - T AS. This 
Is to be expected because there exist no forces of attraction between the molecules 
of ideal gases (i.e. they move independent of each other). Equation (6.12.12) shows 
that the driving force, Л. С which produces the mixing is entirely an entropy effect. 
The mixed state is a more random state, and is therefore, a more probable state. 


In B the entropy of mixing of n gases has a maximum value provided x, = x, = 
= |/n. 


i 


Ve 


Ge 
the 
Eni 


Volume of Mixing 


Generalization of 
the Expression of 
Entropy of Mixing 


mole 
ition 
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The fact that the volume of the mixture is equal to the sum of the individual volumes 
can be verified by evaluating the value of А „Р The latter can be obtained by © 
differentiating the AG with respect to pressure, temperature and composition 
being constant, that is | | 


| Eel | 
А = Op о (6.12.13) 


Since A,,,G is independent of pressure (Eq. 6.12.8), the above derivative has a 
zero value. Hence 


AnixV = 0 


mix 


For the binary mixture, Eq. (6.12.10) may be written as 
Amixs = — MR (x; In x, + x, Inxj) | (6.12.14) 


From the Dalton's law of partial pressure, we have 


x= and x= (6.12.15) 
where p, and р, аге the partial pressures of the two gases in the mixture and pis 
the total pressure. As mentioned earlier, the total pressure p of the mixture will be 
the same as that of unmixed gases since the total volume of the gases is the sum 


of the volumes of the individual gases. шл Eq. (6.12.15) in Eq. (6.12.14), 
we get 


ia nior +2) 
| n p n p 


or AS 7 n Rin &+m Rin & /—— (612.16) 
Py Р) 

Since the change in entropy of a gas in an isothermal expansion from pressure 

p, to pressure р, is given by 


AS = nR In 21 
p» 
it follows immediately from Eq. (6.12.16) that the entropy of mixing is simply a sum 
of the entropy changes for each gas undergoing an expansion from its pressure p to 
its partial pressure p; in the mixture, i.e. the entropy change in the mixing process 
is simply due to the pressure changes for each gas as given by Eq. (6.12.16).' 


t Alternatively, the entropy change during the isothermal mixing process may be attributed 
to the change in volume of each gas from its inital volume to the same final volume. The 
expression for such a process is given by 


AS = nR ln Pina 
Y initial 


Hence, for a binary mixture, we have 


у, 
AS = mR In imal + pR tn feat (6.12.17) 
4 А 

i 
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Example 6.12.2 


Solution 


Equation (6.12.16) is applicable only when the initial pressures and temperatures 


of the gases before mixing are identical. The expression for the entropy of mixing 
in a case where this condition is not fulfilled can easily be derived. What we have 
to do is to find out the final temperature and the partial pressure of each gas and 
then calculate the change in entropy of each gas using the expression 


T 
AS = сын e+ Rn А! (6.12.18) 
1 Py}. | | 


and, finally adding all these changes. Alternatively, in terms of volume change, for 
each gas we may employ the expression 


! D. cs mE | 
AS = {Crain Benin 26.12.19) 
and, finally adding all these changes. 

Consider two pure gases A and B each at 298 К and 1 bar pressure. Calculate the free 


energy change, the entropy change and the enthalpy change relative to the unmixed gases 
of (1) a mixture of 10 mol of.A and 10 mol of B, (п) a mixture of 10 mol of A and 20 mol 


of B and also (iii) when 10 mol of B is added to the mixture of 10 mol of A and 10 mol . 


of B. 
(i) The mole fractions of A and B in the given mixture are 


п, (10 mol) 
ie ee ьа). 
ny +ив (10 mol) +.(10 mol) 


Substituting these in the relation 
Anix = ПЕТ [x, In x, + Xp In xg] 
weget Д.С = (20 mol) (8.314 J K mol’) (298 K) [0.5 In 0.5 + 0.5 In 0.5] 
= ~ 34 352.6 J = — 34.353 kJ 


Noe Ag = ~ Bias ы ШОШ 
Т 298 К 
АН = 0 
(ii) Here the mole fractions of A and В аге 
My (10 mol) 


n +m, (10mol)+(20mol) - 


Xp = l- x, = 0.667 
Substituting these in the relation 
Anix = ORT [x, In x, + Xp In xg] 
we get Amix = (30 mol) (8.314 J K~ mot”) (298 K) 
X (0.333 In 0.333 + 0.667 In 0.667) 
= – 47 32) J=-47.321 kJ 


AG 47301] 
Now a = - = 
А T 298K 


= 158.80 ЈК”! 


АН = 


Exa 


Solt 
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atures. (iii) From parts (i) and (ii), we have 
rise (a) 10 mol A + 10 mol B — Mixture of 10 mol A and 10 mol В 
‚ have : ; | . 
is and A mix) = 734.353 KJ; 
Aa. S =115.281 К^! 
(b) 10 mol A + 20 mol В — Mixture of 10 mol A and 20 mol B 
12.18) | | 
A mix) = —41.321К], 
xe, for А 5 = 158.80 K]! 
TR the expression (a) from the expression (o) we get | 
12.19) 10 mol В + Mixture of 10 mol A and 10 mol B — Mixture of 10 mol A and 20 mol B 
А Obviously, for this mixing we will have 
Au = Agi 02 7 AmixG, = 747.321 kJ – (734.353 KJ) 
=== | E - -12.968 kJ 
he free i | | 
1 gases | Asa = Ан ~ А = 158.80 J K! – 115.28 J KC 
20 mol = 43.52 JK! 
10 mol Ap H= 0 
Example 6.12.3 (a) One dm? bulb иши nitrogen at 1 bar pressure and 25 °C is connected by a tube 
| with a stop-cock to a 3 dm? bulb containing carbon dioxide at 2 bar pressure at 25 *C. The 
Stop-cock is opened and the gases are allowed to mix until equilibrium is reached. Assuming 
that the gases are ideal, what is AS for this spontaneous change? 
- (b) What is the total change in entropy if the 3 dm" bulb contains oxygen at 2 bar instead 
of carbon dioxide? Explain the difference, if any, between this value and that obtained in 
5] i part {a). _ | 
3 
Solution (a) Amount of N, = DE MN UL ee 
| RT (8314kPa dm? К”! т017')(298 К) 
= 0.040 4 mol 
200 kPa) dm? 
Amount of CO, = ARM _ 
(8.314 kPa dm K~ mol™)(298 K) 
= 0.242 2 mol 
\ Now, employing the relation 


у 
Aus = na Rin Find + ny Rin ia 
^ Vs 


4d 
wegot Ды$= (0.040 4 mol) (8314 T K mot Е d 


NT 4 dm? 
+ (0242 2 mol) (8.314 J K^ mol) x In |= 
: | | 3 dm 
/-046561K + 0.579 3 J K’ = 10449 J K7 


(b) А5 will be the same, since the two gases are different, assumed to be ideal and they 
do not interact with each other. . >. 
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Example 6.12.4 Two dm’ of methane under 4 bar and 298 K and 4 dm? of oxygen under 20 bar and 298 К 
are forced into a 3 dm’ evacuated reaction vessel, the temperature being maintained at 298 
К. Calculate the change in entropy of gases assuming that they are ideal. 


3 
Solution Amount of CH, = 24 = ш | 
КТ (8.314 КРаат К то! )(298K) 
= 0.3229 то 
a 
Amount of О, = мн ш =3.229 mol 


(8314 kPa dm? K~ тоГ!)(298К) 


Now, employing the relation 


| y P 
Anixd = na R In ml + R In "L 
A V, 


its as 3 dn? 
we get A, = (0.322 9 mol) (8314 J K! mol TIE 3 


| 3dm! 
+ (3.22 9) (8.314 J K! mor) In 
( )( ) | 7 ч | 


-108857K" = 1.723 1 IK =~ 6.634 6 TK" 


Example 6.12.5 A thermally insulated vessel is divided into two compartments by a partition of insulating 
- material: One compartment contains 0.4 mol of He at 293 К and 101.325 kPa. The other 
contains 0.6 mol.of N, at 373 K and 202.65 kPa. The partition is removed so that the two - 
gases mix. Calculate the resultant entropy change. Given that СУ(Не) = (3/2) R, Cy(N5) = 
(5/2)R and may be assumed to be independent of temperature. 


Solution Temperature of the mixture This may be calculated as follows. 
Heat gained by He = nC, m dT | 
= (0.4 mol) {(3/2) (8.314 J К^! mol (T; - 293 K) 
= (4.988 4 J K^) (T, - 293 K) Exam 
Heat lost by № = nCy,, dT 
| = (0.6 mol) {(5/2) (8.314 JK“ mo) (373 K - T) 
= (12471 JK") (373 К-Т) 


—" 


Soluti 


Heat gained = Heat lost 
\ (4.98847 K^) (T, - 293 К) = (124711 K) (373 K - T) 
Т, (4.988 4 J K^ + 12471 J K!) = 12471 x 373 J + 4988 4 x 293 J 


6 113.28 
17.4594] K 


Volume of the container containing He 


_ MRT (0.4 mol)(8.314 kPa dm? К^! mol) (293 K) | 
p 101. DIM 


- 9.617 dm? 


298 К 
at 298 


sulating 
he other 
the two 


N5) = 


Example 6.12.6 


Solution 
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Volume of the container containing N, 


_ MRT _ (0.6 mol)(8.314 kPa dm? К^! "m K) 
p (202.65 kPa) 


= 9.182 dm’ 
Total volume after mixing = 9.617 dm? + 9.182 dm? = 18.799 dm? 
Now, employing the relation | 
AS = [o „ал+ 
pog 
Forveach of ће two gases, we get 


- (0.4 mol) (Sean K” mot) nf 3 


293 K 
3 
C301 шш 2 SE 
| 9.617 dm 
= (0.4 mol ) (2.221 8 J K mot! + 5.572 6 J K mot) 
2311787K' 
ASy, = (0.6 mol) [Ө ЈК”! mot!) in E К 
2 102 | 35K 
| fond 
+(8.314 J K! mor) In LE 
9.182 dm 
= (0.6 mol) (-1.314 6 JK? mol! + 5.957 5 J K^! mor!) 
2278574 
and AnnieS = ASge + Sy, 
= 3.117 8J K? +2785 3K 
= 5.903 5 J K! 


One.mole of helium at 298 K is mixed with two moles of neon at the same pressure but at 
a temperature of 398 K in such a way that the total volume remains constant and there is 
no heat exchange with the surroundings Calculate AS,,,, for this process. 


The changes in p and T of the two gases in the mixing process may be depicted as follows. 


Before mixing After mixing 
Helium 
n =1 mol (n=1 mol 
T =298K HESS) 
j = 
р b: TUS 
= = +Ё, 
Neon | 
n=2 mol | ^. [nz2 mol 
Т, =398 К |T,=? 
1р | Pye =? 
04 =}, a | V=V,+V, 
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Thus, we calculate - 
Final temperature after mixing 


пн, Cym (T; - T) = т Cy m (Т, = T) 
(1 mol) (7; 298 К) = (2 mol) (398 K - T) 


Now, employing the relation 


Алы ГЕЙ Т 


1 


we have ASu, = (1 mol) павы 299 Ж т (1). 
298 K V, 
AS, = Qmol L5 (36467 К |, pi, th (0). 
398 К V, | 
Assuming ideal behaviour, we will have 
foe. ү." 

p p 

Hence "n = nh - E 


V, mT, 2098) 


" Wythe _ 298+ 2098) | 1094. 394; tn (1.374) = 03180 - 
V, 20398) 2098) 


Vo + 2098298 1094 . e7]: In (3.671) = 1,300 5 
V, 298 298 
Hence, Eqs (1) and (2) becomes 
AS, = (I mol) (1.5 R (0.201 9) + 1.300 5 R). 
= (1 mol) (0.303 0 + 1.300 5) R = (1 mol) (1.603 5 R) 


AS, = (2 mol) [1.5 R (- 0.087 5) + 0.318 0А]. 
= (2 mol) (- 0.131 1 + 0.318 0) R = (2 mol) (0.186 9 R) 


Ass = ASyet Абу, = (1.977 3 mol) R = 16.439 J K! 


Alternative Solution Alternatively, we-may find out the partial pressures of helium and neon in the mixture and 
| then make use of Eq. (6.12.17) to determine Amixs. This method is also illustrated here. We 


L 
nave 


1 mol) (R) (298 К. 2 mol) (R) (398 K 
pu. (e) = OE e Poa Ne) = 2 РЫ 
1 2 
1 mol) (R) (364.67 K 2 mol) (R) (364.67 K 
gu, (05) о pa 2990008670) 
| +n V tV, 


Now, employing expression 


| AS= n Cii In 1 рЫ Disitial 
i Pinal 


(1) 


(2) 


6.1 


6.2 


(b) The derivative (ду /dn,) 
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ж ч = 364.67 K | 298 V,+V; 
weget .  ASg- {im alls 3 | 198K Jen 2 У | 


= {} Е = ко: 202.0) + eaa ( 0) 
364.67 298 


= (1 mol) {0.505 0 R + 1.098 6 R] 
= (1.6036 mol) R= 13332JK" 


à a," ne ка 2 us a 
398K 364.67 y, 


-Q EIE = (0.0875) +R (esos 
364.67 2(398) 


= (2 mol) [(- 0.218 6) R + R In (1.5)] 
= (2 mol) [0.218 6) R + R {0.405 5)] 
= (0.373 8 mol) R = 3.108 J K! 


Hence | А = А$ңь T Asye 


= 13.332 J K + 3.108 J K” ' 
=`16440 J K 


REVISIONARY PROBLEMS 
The chemical potential of component in a homogeneous mixture is defined as 
H= (9GIOn)y pn, 
jai 


Show that it may be expressed in any of the following equivalent forms: 


5 | 4 (2) 
Щщ 
дп, TV ,n;s | On, S,p,n,s дп, SV ns 


i j*i id 
Is the chemical potential an intensive or extensive property? 
(a) The partial molar derivative 


oY 
(n, T,p,n;s 


jti 


is known as partial molar quantity and is represented by the symbol Y,. Depending 
upon the nature of variable Y, the partial derivative may be called partial molar volume, 
entropy, free energy, and so on. The chemical potential can be defined by any one 
of the expressions given in Q. 6.1 but only one of them is the partial molar quantity. 
Identify this from Q. 6.1. 


раз May be interpreted by either of the following 
statements: jai 
(i) This represents the change in Y per mole of component i when an infinitesimal 


amount of this component is added to a system of definite composition. 


(i) This represents the change in Y when one mole of component i is added to a 


system which is large enough so as to cause no change in the composition. 
Justify these statements from the derivative (dY /дп,)у hens 
| m 

j*i 


\ 
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6.3 


6.4 


6.5 


6.6 


6.7 


6.8 


How: would you show. that the partial molar quantities are related to each other 


exactly by the same expressions as those of total quantities for a closed system, i.e. 


the expressions relating partial molar quantities (applicable to an open system) can 
be obtained by replacing the total quantities in the relations applicable to a closed 
system by the corresponding partial molar quantities? 


How would you prove that *a substance will flow spontaneously from a region of high 
chemical potential to a region of low chemical potential’? Thus justify how far it is 
true to identify the chemical potential with the escaping tendency of the substance. 


Show that 
(a) The chemical potential of a pure ideal gas is given by 
4 = u° + RT In (р/1 bar) 
On what variables will u and u° depend? 
(b) Pressure of a gas is a measure of its chemical potential. 
(c) The chemical potential of an ideal gas in a mixture of ideal gases is given as: 
ш(рьТ) = UR, T) + RT Inx; 
(d) In a mixture of ideal gases, the partial molar volume is simply the average molar 
volume and that it has the same value for each gas of the mixture. 


(e) The important condition of equilibrium is that H should have uniform value 
throughout the system. 


Show that partial molar quantities are additive and hence derive the following additivity 
rules. | 
U= 20; S-Inj$; HzinH; 
n £s Az In; m-InMg 
G ET G; = nj; 
i i 


(а). Derive the Gibbs-Duhem equation in the form 
Zn(dY) = 0 at constant T and p 


where Y, is a partial molar quantity. It may be u4, V, U, Н, and so on. 
(b) For a binary system show that 


What is the physical significance of this expression? 


(a) Derive the following expressions for the free ейегру of mixing and entropy of 
mixing involving ideal gases. 


АС = ORT È x; In x, 
Amixs = “AR È x, In x, 


(b) Show that for the mixing of ideal gases Ac V = (апа A,,H = 0 
(c) Show mathematically that А „С will have a minimum value and Л, will have 
a maximum value at x = 1/2 when two gases are mixed together. 


\ 


en as: 


> molar 
1 value 


lditivity 


vill have 
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TRY YOURSELF PROBLEMS 


6.1 Show that for an ideal gas 


LBL: BL ng 
oV T,n,n д Т,т,п, дп; TV oT Vn; 


NEC 
Qnis, ТЉ, 


where V, H; and S; are partial molar quantities. 
6.2. (a) Suppose that V as a function of m can be expressed by the relation 
V-a*bm* ст | 
Where m is the molality and a, b and c and constants at a given T and p. Show that 
V,-(bt2cmyngm, (where nym, = 1 kg) 


a-cm. 


f 


n 


where V, and V, are the-partial molar volumes of solute and solvent, respectively. 
(b) For a certain binary solution at constant T and p 
y, = a + 2a,m T Зат 


where m is molality and a), a, and a, are constants. Determine ће expression for ће 
total volume V of solution as a function of m. | 


6.3 Suppose that the density p of a solution is known as a function of the mass percentage 
(w) of solute. Show that the partial molar volumes of solute V, and solvent V,, are 
given by the expressions 


һе 00-09-09. ущ}, 
р p ди pi рд 


If p is a linear function of w and if wdp/dw is small compared with р, show that to 
а good approximation | and V, are constants. 


(Hint: Make use of Eqs (6.2.13) and (6.2.14).) 


64 (a) If Vis the volume of a two-component solution containing the amounts n, and п, 
of solvent and solute, respectively, show that 


M; -V(dp/dn,) 
ptf M 
p 
in which M, is the molar mass of the solute and p is the density of the solution. 
(b) Show that 


(Hint: Make use of Eqs (6.2.13) and (6.2.14).) 
6.5 Derive the following relations. 


U= Т5 -ру+ Уп p 
H= TS+ dn, ui 


Ac pF Уп; li 
i 
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6. 6 Which of the following derivatives are equal to the chemical potential and which are 
equal to the partial molar quantity? 


E Ж V, | IE F | Е - С Ж à; 
дп; І дп, | д i дп, $, ' 
| | ү E = : UE S | Gh 1 


6.7 Show that 
| x | F 
E d e Ix d | x ree Е! 
| (i) (7, mix. 2 =V; (V, m, mix 1) =}, Entrop 
| d(1/x;) d(l/x)) 
| "m 
NENNEN 
| | @ 242 М 
| d(1/w;) Р d/w, р, 
| where Vn, mix and р are the molar volume and density of a binary solution containing 


ao 


Partial Molar Quantities 6.1 


6. 


t2 


P 
SN 
e 


64 


a mole fraction х, (or mass per cent w;) of component 2, respectively. p, and р, are 
the partial molar densities of components 1 and 2, respectively. 


NUMERICAL PROBLEMS 


The volume of an aqueous solution of sodium chloride at 25 °C was found to obey 
the relation 

Vien’ kg = 1 003 + 16.62 (nilbiol kg) + 1.77 idol ке 

+ 0.12 (mmol kg 
Find the partial molar volume of the components at m = 0.1 mol kg" by explici 
differentiation. (Ans. 17.483 cm? mol!) 
For iodine in methanol solution, the apparent molar volume of the solute is independent 
of the concentration of the solution and is equal to 62.3 cm? mol" 25 °С. 
The ка of solid 1, and pure methanol at 25 °C are 4.93 g cm and 0.786 5 g 
3 respectively. Find AV for the following. 

LO L(m = 1 mol kg ) 

CH,OH() > CH,OH(1 mol kg І, solution) 

I,(s) + 32.2 CH,OH — Solution (m = 1 mol kg’) 

| (Ans. 10.8 cm’, 0 cm? 10.8 cm’) 

At 25 °C, the density of succinic acid in water is given by the expression (valid up 


to 5.5% acid). 
plg cm = 0.997 + 0.003 04 w 


where w is the mass per cent of solute. Calculate V, and V, for 0, 2 and 4% solution 
of succinic acid. (Ans. 18.05, 90.70; 18.05, 96.67; 18.16, 96.90 cm? mot) 
The partial molar volumes of water and glycerol in a solution of Xg,o = 0.5 at 15.6 °C 
are found to be Vy g = 17.3 ст? mol! and Гу = 72.68 cm’ mol". The corresponding 
values for the pure components are о = 18.0 cm? mol ' and Vay = 72.8 cm? mol. 


Calculate the volume of the solution when 5 mol of water are mixed with 5 mol of 
glycerol. Compare this value with that obtained by adding the volumes ш the pure 
components. (Ans. 450.5 cm’, 454 ст?) 


h are 


ining 
» are 


obey 


xplicit 
nol’) 


andent 


365g 


j cm’) 


Ша ир 


ution 
mol‘) 
5.6 °C 
onding 
mol, 
mol of 
ie pure 
4 cm) 


Free Energy and 
Entropy of Mixing 


6. 


6. 


c 


6.7 


6.8 
6.9 


сл 
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The partial molar volume of ethanol in 2:60 mole per cent ethanol-water solution is 
57.5 ст? mol”, The density of solution is-0.849 g cm ^. Calculate the раі molar 
volume of water in the solution. (Ans. 16 cm? mot) 
It is required to prepare 3 m^ of a 60 mole per cent water solution containing ethànol 
and water. Determine the volumes of ethanol and water to be mixed in order to 
prepare the required solution. The partial molar volume of ethanol and water in 60 
mole percent water solution are 
V (C;HSOH) = 57.5 cm? mol and V, (H0) = 16cm mot! 


(Ans. 2.548 m? water and 0.528 m? ethanol) 
Three moles of N,(g), originally at 101.325 kPa pressure, are mixed: isothermally 
with 5 mol of H,(g), also at 101.325 kPa, to yield a mixture whose total pressure is 
101.325 kPa. Assuming gas to be ideal, calculate the total entropy of mixing. 


(Ans. 44.016 IK’) 


Repeat Problem 6.7 on the basis that the total pressure of mixture is 1.013 MPa. 


One mole of an ideal gas at 273 K and 101.325 kPa pressure is mixed adiabatically 


: with one mole of a different gas at 373 K at 101.325 kPa pressure to yield a mixture 


.. whose pressure is also 101.325 kPa. If C, ,, for each gas is 5R/2, what is AS for the 


6.10 


6.11 


6.12 


6.13 


6.14 


process? (Ans. 12.008 J K`’) 
Calculate the entropy of unmixing of 100 g air considered as 21% vol O5, 78% vol 
N, and 1% vol Ar. (Ans. 16.485 J К^) 


Calculate the entropy change on mixing a solution containing 5 mol of benzene (B) 
and 7 mol of toluene (T) with a second solution at the same temperature containing 
3 mol of benzene, 2 mol of toluene and 4 mol of p-xylene (X). Assume the solutions 
are ideal in nature. 
(Hint: Calculate AS, for 5B + 7T — mix (5B +7 B)) 

AS, for 3B + 2T + 4X — mix (3B + 2T + 4X) 

AS, for 8B + 9T + 4X — mix (8B + 9T + 4X) 
and find AS for mix (5B + 7T) + mix (3B + 2T + 4X) — mix (8B + 9T + 4X) 
using the expression 

AS = AS, - AS, - А8, (Ans. 35.59 TK ) 

One dm’ of О, and 4 dm? of N,, each at a pressure 101.325 kPa at 300 К are mixed 
to form an ideal gas mixture of 3 dm’ at the same temperature. Calculate the entropy 
change for the process. (Ans. - 0.019 7 I K’) 


А 1 dm’ vessel containing helium at 373 K and 101.325 kPa is connected to a 2 dm? 
vessel containing neon at 273 K and 40.53 kPa. The gases are allowed to mix with 
each other and reach thermal equilibrium adiabatically. What is the AS for the process? 


(Ans. 0.429 3 JK") 
A vessel is divided into two compartments of equal volumes by a partition. Each 
compartment contains 1.0 mole of the same absolutely identical gases at the same 
temperature and pressure. The partition is removed and the gases are allowed to mix. 
Calculate the resultant entropy change. (Ans. A, = 9) 


(Note: One may expect to get a value of 2R In 2 on the basis of Eq. (6.12.10), but 
the actual value is zero. This contradiction is known as Gibbs paradox. The basic 
reason for this contradiction is that Eq. (6.12.10) is applicable for two different gases 
(may be two similar gases differing in some respects so that their molecules are 
distinguishable from each other, e.g., two gases comprising of different isotopes) and 
not to the two absolutely identical gases. The molecules in a mixture formed from the 
latter gases cannot be distinguished and, therefore, one cannot apply Dalton’s law of 
partial pressure (р; = x; Рош) Which has been used in Eq. (6.12.2) to derive the final 
expression (Eq. 6.12.10). Hence, in such a case, Eq. (6.12.10) will not valid.) 


| 
| 
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Experimental 6.15 (a) When chloroform is added to acetone at 25 °C, the volume of mixture varies with 
Determination - composition as follows. 
iets монг җит 0 0194 0385 0559 0788 
| Vom mol! 73.99 7529 765 77.55 7908 
0889 1.000 | 
79.82 .. 80.67 


Determine the partial molar volumes of the two. components at хохот = 0-5. 
(b) What will be the volume of a solution of mass 1 kg at x ajo, 7 9.5? will 
be the total volume of the unmixed components? 

. 6.16 Given below are the densities of aqueous solutions of sulphuric acid at various mass 


per cent of H,SO,. Determine the partial volumes of H,O and H,SO, at 50 mass per | 
cent of H,SO,. | | ( 
mass % i 20 30 40 50 60 70 
density/g cm ^ 1.066 1.139 -1.219 1.303 1.395 1.498 1611 | 
в 90 10% | | 
1.727 1.814 1.831 t 


(Ans. 1.036 cm, 2.151 cm’). 
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71 DESCRIPTION OF A REACTION IN PROGRESS 


Representation 
of a Chemical 
Equation 


Extent of Reaction 


Illustration 


j 


A chemical reaction, in general, may be written as 


0= Lv_B -© (7.1.1) 
B 


where Bs represent the various constituents of the reaction and vgs are the — 
corresopnding stoichiometric coefficients (or numbers). The latter have positive 
values for products and negative for reactants. 


The change in the amount of a reactant or a product during the progress of a 
reaction may be represented in terms of the extent of reaction (©) defined as 


(В) = nB) + Vee (7.1.2) 


where по(В) is the amount of B at t = 0. The unit of С is that of the amount of a 
substance, i.e. mol. 


From Eq. (7.1.2), we may write 


dn(B 
sy (7.1.3) 


that is, the change in the amount of-a reactant or a product with the change іп 
the.extent of reaction is equal to its stoichiometric coefficient that appeared in the 
chemical reaction. 


To be specific, we take an example of a reaction containing only two reactants апа - 
two products: 


[Vi] A, + ]|vj] Ay 2 МА; + мА | (7.14) 
If thé reaction is started with m(A,) and no(A,) as the amounts of A, and A;, 
respectively, and if € is the extent of reaction, we will have 
n(A) = (Ay) + у 
п(Аз) = по(Аз) + VG 
п(Аз) = v 
пА,) = v46 


Since v s are negative for reactants and positive for products, the amounts of A, 
and A, will decrease whereas those of A; and A, will increase with the increase 
in the extent of reaction. ` 


\ 
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7.2 THERMODYNAMICS OF CHEMICAL REACTIONS (REACTION POTENTIAL) 


Definition of 
Reaction Potential - 
and Affinity of a 
Chemical Reaction 


Nature of Chemical 
Reaction 


N 
Criterion for a 
Spontaneous 


Reaction 


Criterion fora 
Nonspontaneous 
Reaction 


The change i in Gibbs function due to a chemical reaction or variation in temperature 
and pressure is given by 


dG = -$dT * V dp + Zug dng (7.2.1) 
B 
Substituting дир in terms of dé from Eq. (7.1.3), we get 
| dG = -S dT + Vdp + 2, (Valis) ) dé (7.2.2) 
The term sug) is given the special name of the reaction potential a and is 


expressed as - 


» Vall TAG Ж (7.2.3) 
B 


If the amounts of different species in a reaction change only because of ће chemical. 


reaction whose progress is measured by ©, then from Eq. (7.2.2) if follows that 


дс 
Аб = E: |, (124) 


That is, the reaction potential is equal of the rate of change of total free energy : 


with extent of reaction at constant temperature and pressure. 


The reaction potential is identical to the free energy change of a reaction - 


(Eq. 7.2.3), the value of which can be calculated from values of free energy of 


formation tabulated in Appendix II. Here after, we represent the reaction potential - 


simply as A,G. 


The expression А = -A,G = -(0G/95),. 15 known as affinity of a chemical 
reaction. 


The nature of a reaction, that is, whether it is spontaneous or not, depends on the - 


value of dG. Under constant temperature and pressure conditions, we have 
(i) dG = A,G dé < 0 Spontaneous 
(ii) dG = A,GdÉ > 0 Not possible — (12.5) 
(ш) dG = A Gdé = 0 Equilibrium 


‘Since dé is positive for the forward reaction, the above conditions, therefore, 


lead to 
(i) A,G «0, Spontaneous in the forward direction. 


For the reaction given in Eq. (7.1.4), A,G is given as 
A,G = Vyll + Vua - (мш + [Vol Ha) 
Thus in the present case, we have 
[vi] Ley + [v] I > УШ; + Valla (1.2.6) 
(ii) A.G > 0, Not spontaneous in the forward direction. In ‘act, 
the spontaneous direction will be back-wards, i.e. the 
products will be converted to reactants. 


\ 


Criterion of 
Reaction at 
Equilibrium 
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For A,G 7? 0, we will have - е, 
„ш + Valla vb t lvl do | | (7.2.7) 
(iii) A.G =0 The reaction will bé at equilibrium since an infinitesimal 
change in Ё produces dG = 0. 
This will happen when | 
[vil by + Iv) = Vilis + Vally (7.2.8) 


Equation (7.2.8) is the requirement for the reaction at equilibrium. It should 
be noted that this equation contains only intensive variables and will not depend 
upon the relative amounts of different species involved in a chemical reaction. 


7.3 HOMOGENEOUS IDEAL GAS REACTION 


Reaction Potential The chemical potential of an ideal gas is related to the standard chemical potential 


of a Chemical 
Equation 


illustration 


and its partial pressure by the relation - EM 
Hg = Hp + RT In (pglp^) ; (7.3.1) 


where p? is the standard-state pressure and has a value of 1 bar. With this, the 
reaction potential is given by 


A.G= Y vylig = A,G? + КТУ vy In (p/p?) 
B B 


or A,G 7 A,G* * RT In (lins ip) (73.2) 


where — A,G^- XvyiS 
B 
The symbol [] stands for the multiplication symbol. 
B 


As an example, let us apply the above expression for the following gas phase 
reaction: 


2HCl(g) + : О, (в) > H,O0(g) + С) 


МНС) 2-2; v(0,)=-1/2; v(H,0)=1 and (Cl) =1 


(Pu,o/P^XPa,!p^) 


1/2 


AG = A,G? + RTIn i ee a 
(Pu D^) (ро,/0°) 


Here A,G is change in Gibbs function per unit extent of reaction at a 
temperature Т and at a constant pressure p; the gases comprising reactants and 
products being at specified partial pressures. A „G° is the standard reaction potential 
‘when each of the gaseous reactants and products has partial pressure of 1 bar at 
temperature T 
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Reaction Potential 
of a Reaction 
Started with 
Reactants only . 


Chemical Potential 
of a Reaction 


Started with 
Products only 


Essential 
Requirement for 
a Reaction at 
Equilibrium 


Reaction Quotient 
and Equilibrium 
Constant 


The relative magnitudes of the A G° term and the logarithm term in Eq. (7.3.2) 
determine the thermodynamic progress of the reaction. Starting with all reactants 
and no products, we have 


П (m/p)^ 
(products) 
І (pg! рэ)" 


(reactants) 


A.G=A,G°+ RT In 


Zero " 
П (pg / p^)! 


(reactants) 


=A.G°+RTIn 


Thus A,G is negative and infinitely large, no matter what value A,G° might 
have. Thus, the reaction will proceed spontaneously to the right. 


On the other hand, when all products and no reactants are present; we have ` ` 
П (рв / p°)” 


(products) 


A.G=A,G°+RT In = + о 


ZCro 


Thus, A,G is positive and infinitely large. The formation of reactants IS, therefore, 
inevitable. 


At some intermediate mixture of reactants and products, the two terms in Eq. (7.3.2) | 
will cancel each other making A,G equal to zero. At this stages, the reaction will 


be at equilibrium. 


The above analysis for the reaction given in Eq. (7.1.4) is shown in Fig. 7.3.1 
where G has been plotted against &. 


The term П(рв / p°)" in Eq. (7.3.2) is known as the standard reaction quotient 
B 


Q». At equilibrium condition, Q; is given the name of standard equilibrium constant 
K p: such that ; 


о __ о КИ o Vg ; 

ке = (05) = Ire! 29^ |, (133)* 

Now, at equilibrium, we have 
(1) A,G - 0 
and (ii) ПО» Гр?) = К, 
With these, Eq. (7.3.2) becomes 
A,G° = -RT In Ко = ~ 2.303 RT log K; 

or K? z (10) 4" {(2303 RT) (7.3.4) 
* Prior to the recommendation of standard-state pressure of 1 bar, a value of | atm 


(=101.325 kPa = 1.013 25 bar) was used. The change from 1 atm to 1 bar changes the 
value of standard equilibrium constant by a factor of (1.013 25). 
\ 
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Fig. 7.3.1 Graph of free 
energy of a reacting system 
against extent of reaction 

at constant temperature 

and pressure. At = 0, 

only reactants ({v,| mol 

of A, and у; mol of A,) | 
are present. At ¢=1 

mol, only products (v, 

mol of A, and v, mol 


сЕ 


of A) аге present. At € 
= ¢, the reaction is at 


equilibrium 


Factor Affecting 
Equilibrium 
Constant 


A Convenient Way 
of Expressing 
Reaction Potential 


Example 7.3.1 


Ё / mol———> 


i 
i 


Since A,G° is a function of temperature only and is independent of the partial 
pressures of the components of the reaction, it follows from Eq. (7.3.4) that the 
equilibrium constant Кр also depends only on the temperature and is independent 
of the pressure of the system. 


A convenient way of expressing reaction potential is provided by Eqs (7.3.2) and 
(7.3.4). Thus, we have 


0? 
A,G = - RTIn K? + RT In Q5 = RT In x (7.3.5) 
р 


if for a particular reaction 0, < К, then A,G is negative and dG will also be 
negative. This leads to a spontaneous reaction. During the reaction, Q; increases 
and eventually it becomes equal to К, А.С becomes equal to zero. At this stage, 
the reaction stops resulting in equilibrium, i.e. no further change in the reaction is 
observed. If for a given reaction Q, > K, then A,G is positive and dG will also 
be positive. Thus, the given reaction will not proceed from reactants to products. 
In fact, it would have a tendency to proceed in the reverse direction. 


At 1105 K, the value of K; for the reaction 50) + +0, == 80,(g) is 0.63. Calculate; 


(a) the standard free energy change for this reaction at 1 105 К; (b) the free energy change 
at 1 105 К for the reaction 


S0,(1 bar) + 1 0,(25 bar) = $O,(2 bar) 


What is the significance of the signs of the answers in parts (a) and (b)? 
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Solution (a) Employing the relation 
| A,G? = -RT In КЪ 


weget — А,б° = -(8314 J K^ mot) (1105 K) (2.303) log (0.63) 


= 4245.5 J mol! 
(b) Employing the relation 


| (Pso, Їр?) 


[72 
) 


A,G = A,G° + RT In Q? = AG? + RT ln ——— 9———  — 
(Pso,/ PX Po, P" 


4 
we get A,G = (4 245.5 J mol?) + (8.314] K! mor! X1105.K) In à i D 
1х Q5. 


= (82455 - 8 419.5) J mol"! =- 4 174 J mot” 


In (a) A,G positive indicates that the reaction is not possible, and in 
(b) A,G becomes negative, thus the reaction is possible. 


Example 7.3.2 The reaction 
N;03(g) = NO,(g) + NO(g) 


was studied at 25 °C with initial amount of N,O; equal to 1.0 ior At equilibrium, the extent 
of reaction is found to be 0.3 mol for a total pressure of | bar. Calculate КЪ and A.G ? for 
the reaction. 


Solution The given reaction is 
ОМО) = NO, + NO(g) 
t=0 l0ml ©. 0 |. 0 
fq 10шо-03ш 03001 03mol 


Total amount of substances at equilibrium = 1.3 mol 


(bar) = 0538bar — 


"NO 
Now Dos Lp 
| 203 "s 

По 0.3 | 

$ Pyo, 7 = 2. р =— (1 Баг) = 0.238 bar | 
| total 


ро = Pyo, = 0231 bar 
Ко = T (p/p?) =(рко PPro! WPy,0/P 


= (0.231 bar/1 bar) (0.231 bar/1 bar) (0.538 bar/ 1 ban”! 
= 0,099 

AG = RT mK ==(8314) К! mol‘) (298 K) In (0.099) 
= 5 729.7 J mol’ 


E ` 
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7.4 EXPRESSION OF K, FOR A REACTION INVOLVING HETEROGENEOUS PHASES 


Illustration 
sj 
extent 
3? for 
N 


We have so far dealt with the equilibrium involving only ideal gases. Such a type 
of equilibrium is called homogeneous. If the equilibrium contains substances in 
more than one phase, the equilibrium is said to be heterogeneous. In this section, we 
develop the expression of the equilibrium constant for a heterogeneous equilibrium. 


We start with à specific reaction given below. - 
| E | 
C(s) * 5048) = CO(g) (14.1) 


The’ reaction potential of this reaction is given by an expression of the same form 
as for the homogeneous system. The general form of this expression is 


A,G= XVp Hp | (7.4.2) 


For thé given reaction, we have 


ИСО) = +; wC)e-1 and W0,)--12 | 


1 T 
Thus А.б = u(CO, g) - ШС, s) - 7 ЩО», g) (7.43) 
Now for an ideal gas, we write 


HÁT, р) = (Т) + RT In (р/р°) (144) 


where р» is the standard chemical potential of the gas and p is its pressure. The 
corresponding expression for a condensed phase is given by an expression analogous 
to Eq. (5.6.4), such that 


Has T. p) = Т) (14.5) 
Substituting Eqs (7.4.4) and (7.4.5) in Eq. (7.4.3), we get 


AG = {Hoo + RT In (рсо/р°)) — Lew 


TR К 
35 Шол) * RT In (po/p^)) 

? à 2 lize (Poo! P”*) 

Аб = ad el ЕТ о 

ої r [Ж Ис) 1n) f Po,! p 
/ о 

от A,G = ди RT In | РР). 

(Po,/P ) 


İ Equation 7.4.5 follows from the fact that V {ог condensed phases has a small value and 
thus w= u? + V, dp = р. 
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Conclusion 


Example 7.4.1 


Solution 


At equilibrium, we have 
A,G=0 
(Poo! р Ja 


1/2 


| - - RTIn К 
(Po, D^), 


A,G* - -RTIn. 


Thus, the expression of Къ for a reaction involving gases and condensed phases 
can be written as usual considering only the partial pressures of gases, and ignoring 
condensed phases. However, A, G? contains the standard free energies of all the 
reactants and products. 


One of the important examples of heterogeneous equilibrium is an equilibrium 
between liquid (or solid) and 1ts vapour. Taking, for example, the case of water, 
we have 


H,O(1) = H,0(g) 
Let p be the equilibrium vapour pressure, Then 
Кр = (р/р?) 


For the reaction 
NH,HS(s) = NH;(g) + H;S(g) 


the equilibrium pressure at 298 K was found to be 0.67 bar. Calculate К, and A,G? of the 
reaction. 


The given reaction 1s 

NH,BS(s) = NHs(g) + H,S(g) 
At equilibrium ` 

Рмн, = Pus 


Since Рун, * Pus 7 0.67 bar, we have 


Sag an = 0.335 bar 
| К = TK Pg! p°)” = (рин, | (Ps! P°) = (0.335 bar/ 1 bar)? 


= 0.112 
AG? = -RT In К = -(8314] KT тої!) (298 К) In (0.112) 
= 5 4240 J mor! 


7.5 DYNAMIC EQUILIBRIUM (LAW OF MASS ACTION) 


The existence of an equilibrium constant and its relation to the composition of the 
system were actually found from the study of the rates of some reversible reactions 
before the thermodynamic approach was developed. С.М. Guldberg and Р. Waage 
expressed the dependence of concentrations on the rate of reaction in a very general 
form, known as. the law of mass action, and applied the results to the problem of 
chemical equilibrium. They recognized that chemical equilibrium is a dynamic 
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- and not a static equilibrium. It is characterized not by the cessation of all reactions 


but by the fact the rates of forward and reverse reactions become the same. 
Accodring to the law of mass action, _ 


The rate of a reaction is proportional to the product of effective concentrations 
of the reacting species, each raised to a power which is equal to the corresponding 
stoichiometric number of the substance in the balanced chemical equation. 


Let us apply the law of mass action to a general reaction 
| vi [Ay + | V] Aj = VA; + VA, 
Now the rate of the forward reaction is 
1 dA] Mira Wl 
= КДА | ЧА»? 
jr dA Ad] (154) 
where kẹ is the proportionality constant. 
Similarly for the backward reaction 
ТАЗ] n | 
= k [А, | 35[А,]* um 
P МАЗІ [A4] | (7.5.2) 
At equilibrium, both the rates are equal; thus 
ks [Aj] Aj] = АА] [Ag] 
[PAIS ke 


—— x 13:9 
PAS ACC pes 


or Ka = Ies)” (7.5.4) 


While dealing with the reactions involving ideal gases, the concentrations may 


be replaced in terms of partial pressures as the latter are directly proportional to 
the former. Thus 


Ka = Tp)" (7.5.5) 


For reactions involving condensed phases in addition to gases, the effective 
concentrations of solids and liquids remain constant and thus are merged in the 
constant К, with the result that the form K,, is still given by Eq. (7.5.5). 


Note К of Eq. (7.5.4) is represented as K, while that of Eq. (7.5.5) is reprsented 
as К. 
р 


GENERAL RULES TO WRITE Q? AND К° FOR ANY REACTION 


Expressions of 0, and K, for any reaction can be derived following the rules given 
below. 
* Products are written in the numerator and reactants in the denominator. 


e For gases, partial pressures expressed in the units of standard-state pressure 
are used. 


e Solids and liquids—these do not appear in 0, and Kj because their chemical 
potentials remain constant and are merged in ЛО, 


Dy 
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e Ifa reaction is multiplied by some constant, say n, then the value of K° for the 
new reaction is 
K, (new reaction) = (К o reaction) (7.6.1) 
• Ifa reaction can be obtained by the addition or subtraction of two or more 
separate reactions, then the K; value of the new reaction can be obtained from 
the K; values of the reactions being added or subtracted. The following rules 
(can be derived through A,G° considerations) will be helpful in calculating 
the value of K; in such a situation. | 
(i) If a Eden is multiplied by some constant then its К value raises 
exponentially by the same constant (Eq. 7.6.1). 
(ii) If a reaction is being added to some other reaction then the К of the 
former gets multiplied with that of the latter. 
(iii) If a reaction is being subtracted from some other reaction then the K; 
of the latter gets divided with that of the former. 


The following problem illustrates the procedure. 


Example 7.6.1 Given 
Q —H(g*is(eHsp: К 
(i) 29,8) + S,(g)  2H5S(g); E 


Show that К, = (K^) 

Solution For the first reaction A,G; 7 - RTIn Kj, 
and for the second reaction АС» = - RT In Kn 
Since A,G5 = 2A,G1, therefore, it follows that 


-RT In К, = -2RT In Ke, 


or К = (ко) 


Example 7.6.2 \ if K, for Н,(в) +4 S.(g) = H,S(g) is 0.80 determine the value of K, for 
2H,(g) + $(g) «= 2Н,5(р). 
Solution For the reaction 


H,(g) + 2908) = Н,5(8) (7.6.2) 


o | (Pus! purs 


= (.80 
1 i 
Í КИТҮ 


Ex 


Sai 


Ex 


Soli 
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for the If the reaction is multiplied by 2, we have | | 

Le. 2 x{H,(g)+4S,(g)=H,S(g)] ie. 29,0) + $,(g) = 2H,S(g) 
(7.6.1) o "NM 

mons K,, for this reaction will be 
rr 
d from o (Pus! P o 
rules ^ =(К„) = (0.80) = 0.64 
EM (Pu, / Р?) (ps, / p^) 
ulating - | 
| E Example 7.6.3 If Ky = 0.80 for H,(g) + 15,(р) = H,S(g), determine the value of K, for 
m H5S(g) = Hg) + 1S,(g) 
Solution If the reaction is multiplied by ~1, the reaction gets inverted, i.e. reactants become products 

the K й and products become reactants. For example, if the given first reaction is multiplied by —1, 

ме get the given second reaction, i.e. | 

с =1х[9,(8)+39(8) = Н,5(8)] ог H;S(g)- H,(g) +1508) 
The equilibrium constant of this reaction will be 
eo Puo PVPS PY Ld us 
(Paus / D^) К» 0.80 
Example 7.6.4 Given the following standard equilibrium constants at | 362 K: 
(i) Hyg) + 5 86) = Н,5() Кр = 0.80 
(ii) 3H,(g) + 50,8) <= H,S(g) + 29,000) К = 1.8 x 10^ 
Find the value of K, for the following reaction at 1 362 К. 
4H; (g) + 2S0,(g) = S,(g) + 4H,0(g) 

Solution The reaction can be obtained by multiplying reaction (ii) by 2 and the reaction (1) by 2 and 
then subtracting the latter from the former. Thus, the е value of the resultant equation is 
given by 

(к у eU 
K, = | M s - 5.06 x 10 
K; for \ (К) 0.8 

11 STANDARD EQUILIBRIUM CONSTANT IN UNITS OTHER THAN PARTIAL PRESSURES 
The standard equilibrium constant К, used so far is defined in terms of partial 
pressures. In some cases, it is convenient to express compositions of various species 

(1.62) in terms of other units such as molar concentrations, mole fractions, amounts of 


species, etc. In this section, we develop expressions for the equilibrium constant 


expressed in units other than partial pressures. We consider three such cases as 
given below.  — 
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Standard Equilibrium We write the, standard equilibrium constant expressed in terms of molar 


Constant Ке | concentrations as К”. By definition, we have 
о _ o Vp 
K = П(в/Р”) | Gy) 
and Кое [Ts / ey | (7.7.2) 


where p? and c? are the standard units of pressure and concentration, respectively. 
The ideal gas equation, pV = nRT, may be written as 


— n — 
pr КТ =cRT — (7.7.3) Е 
where c is the concentration of the gas expressed as amount of gas per unit volume. С 
. Substituting Eq. (7.7.3) in Eq. (7.7.1), we get 
К = П (сьӊЁТ/р°)'% 
Р B 
= П (cg/c°)(c°RT [ру 
B $ 
= К (с°КТр°)\% (174) | 
Where Av, is the difference in the stoichiometric numbers of gaseous species 
between products and reactants, that 15, 
Ду, = Lv, (В) = Xv, (product) - Y. V, (reactant) | (7.7.5) 
B 
Example 7.7.1 For the reaction i E 
| C 
CH,(g) + 2H,S(g) = CS,(g) + 4H,(g) Cc 


K, = 2.05 x 10° at 25 °С. Calculate (1) K and (п) K А at this temperature for the reaction 
2H,(g) + 4 С9,(8) = Н,5(8) + $ CH) 
Solution For the reaction Е 
CH,(g) + 2H)S(g) = CS,(g) + 4H,(g) 
K, is given by 
Ko = (Des, / P?) (Pu, / 


=2.05x10° 
(рсн, /Р°) (Ри! PY 


and for the reaction 


2H,(g) + $ CS,(g)  HoS(g) + 5 CH,(g) 


ger (Pus! PD (Рон, ! D j 


(рн, ! PY (pes, ! p) [к 


K, 


| | 
Tr ESSI ТЕ 


42.05 x 10? 


of molar 


(7.7.1) 


(7.7.2) 


spectively. 


(7.73) 


it volume. 


(1.14) 


us species 


(7.75) 


the reaction 


Equilibrium 


Equilibrium 


Constant K, 


Constant K, 


т _ ——є——————=—=—> 


UE. MAS ee SS ттт = == RACE E E PESSE ETER EA Vra e rea at Mau ad EL LE 
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| орют\-АУ 
Now k= ЯЕ | 4 

р° 
For the given reaction, we have 

AY -l | : TN 
-3 З Е 
m КОО | (1 mol dm (8314 kPa dm? K™ mol —— K) 
(101.325 kPa) 


= 540 x 107 


' The equilibrium constant expressed in terms of mole fractions is defined as 


Kos Пов) ' (7.16) 


The mole fraction of a gas in a gaseous mixture is its partial pressure divided 


| by the total pressure of the system. Thus 


= PglPwa 001 Pp = XB Poul (1.7.71) 
Substituting this in Eq. (7.7.1), we get 


К, = П(рв/р)" 
В 
E П (Gg)? (рош / Р?) ®} 
T K (Pioa P is % 


or К, = K Poop) ^ * (7.7.8) 


The equilibrium constant expressed in terms of amounts of substances is defined 
as 


K, = П (ив у 
В 


n 
Now Рв = *XpProtal ~ EAT (7.7.9) 
Miotal 


where ир is the amount of constitutent В and n,,,, is the total amount of gases in 
the system. Substituting this in Eq. (7.7.1), we get 


Ko = П(рв/рР°)* 
B s 


ale] 
B Miotal 


П lt [үз К Н ы? (Pis Ip] 


B 


su ; (n Жы) "8 (Pioa P ja " (1.7. l 0) 


where n° = 1 mol. We have already seen that K5 depends only on temperature and 


\ 
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is independent of the total pressure of the system. Like К, К, is also independent 
of pressure and depends only on temperature. K, and K, depend both on pressure 
and temperature. 


7.8 PRINCIPLE OF LE CHATELIER AND BRAUN 


Statement 


illustration 


Thermodynamic 
Proof 


This rule predicts qualitatively the effects on the system at equilibrium when some 
of the variables ugh as temperature, pressure and concentration are changed. It 
states. 


If a system.at equilibrium i is subjected toa change, the system will react in such — 


а way so as to oppose or reduce the change if this is possible, i.e. the system tends 


to balance or counteract the effects of any imposed stress. 


Examples of this principle are: 


(i) Pressure increase Reaction will shift in a direction where : 


the number of gaseous molecules is 
reduced; thus lowering the pressure p. 


(ii) Heat added or temperature raised The equilibrium will shift in Ше. 


endothermic direction, i.e. it is shifted : 


to high enthalpy side. 
(ш) One of the components of the Reaction proceeds in a direction so as 
system is added to reduce the amount of this component. 


The thermodynamic proof of Le Chatelier-Braun principle as applicable to the: 


temperature and pressure variations of chemical reactions is given below. 


The reaction potential AG which is defined as 


dG 
е 4 


is a function of T, p and 6, i.e. 
A,G = f(T p, $) 
Writing its total differential, we have 
д 
d(A E 1 TE А ОК: {а А с), dé (781 
EE IU d 1 d = 
Following Eqs (5.4.7) and (5.4.8), we write the above expression as 


d(A,G)=-A,SdT+ A,V dp + G” dé (7.8.2) 


„_ [2 | ТЗ | 
here б | АС GE | | 7.8.3) 
W a e гр Е д5 Jr p 3 ( 


If we insist that the variations in temperature, pressure and the extent of reaction 
occur all the while keeping the reaction at equilibrium, then (А G) = 0 and hence 
d(A,G) = 0. At equilibrium A,5 = Д, НИТ, so that Eq. (7.8.2) becomes 


pendent 
pressure 


еп some 
inged. It 


tin such 


em tends 


m where 
acules is 
essure p. 
t in the 
is shifted 


ion so as 
mponent. 


le to the 
. 


^ 


= (1.1) 


(182) 
(7.8.3) 


f reaction 
ind hence 


Temperature 
Dependence 
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0 = ЕТ + AV (др), + б. (26), 


where бы is the value of G” at equilibrium. Since in the latter, G has a minimum 
value, therefore Go must be positive. At constant pressure, dp = 0 and the above 


equation gives 


[9 | 
EJ н ae (7.8.4) 
| Т Я Тб, 
and at constant temperature, dT = 0, the above equation gives 
ды) АУ | [ 
UR Sou. | . (1.8.52) 
Pir бу ' 


For gases behaving ideally, we have 


E | (AVRT | | 
Т B | 


op рб; 


Equations (7.8.4) and (7.8.5) describe the dependence of the extent of reaction at 
equilibrium on temperature and pressure, respectively. 


(7.8.56) 


Since Ge, is positive, the sign of (dé,,/d7), in Eq. (7.8.4) depends on the sign of 
AH. 

e If A H is positive, an endothermic reaction, then (dé АТ), is also positive, 

i.e. an increase in temperature increases the extent of reaction at equilibrium. 

• For an exothermic reaction, AH is negative and thus (do .4/47), is negative, 

i.e. increase in temperature decreases the equilibrium extent of the reaction. 

The above analysis amounts to the fact that the equilibrium is shifted in the 

forward direction for the endothermic reaction and in the backward direction 


for the exothermic reaction as the temperature of the system is increased. These 


conclusions are listed in Table 7.8.1. 


Table 7.8.1 Effect of temperature on a reaction at equilibrium 


Nature of Sign Sign Sign 
reaction ofA H of dT. of d5., 


Shift in the equilibrium 


РЕЧНО tve tve +ve —— Forward direction or endothermic 
i. | direction or high enthalpy side | 
| -ve -ve Backward direction or exothermic 
direction or low enthalpy side 
ИА -ve +ve -ve Backward direction or endothermic 
а | direction or high enthalpy side 
-ye +ve Forward direction or exothermic 


direction or low enthalpy side. 
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Highlighting Endo- The designations of endothermic or exothermic direction and low or high enthalpy 


thermic and Exo- 
thermic Directions 


Pressure ` 
Dependence 


side may be understood from the following analysis. 
We write the reaction as 
` Reactants — Products 
È vH (B) | 


[ 


with AH 


VgH,.(B) = L [Үз HT. (B) 
(products) (reactants) 
We may consider two possibilities. 
(1) A.H positive In this case, we have 
: А.В) > 2 [Vg] Н(В) 
(products) (reactants) 
The reaction may be written as | 
Low enthalpy side — High enthalpy side 
If the reaction proceeds in forward direction (or from low enthalpy side to high 
enthalpy side), heat is absorbed and it is for this reason, this direction is known 
as the endothermic direction. On the other hand, if the reaction proceeds in the 
backward direction (or from high enthalpy to low enthalpy side), heat is released 
and thus this direction is known as the exothermic direction. 
(2) А„Н negative In this case, we have 


È ow4HB) < | Va | Hy (В) 


qud (reactants) 


and thus the reaction may be written as 


High enthalpy side — Low enthalpy side 

Based оп the arguments given above, we can show that the forward direction 
(i.e. from high enthalpy to low enthalpy side) is the exothermic direction and the 
reverse one is the endothermic direction. 

Following Table 7.8.1, the temperature effects may be stated in a general 
form which is applicable to both the exothermic and endothermic reactions. The 
statement is: 

On increasing the temperature, equilibrium is shifted in the endothermic direction 
or towards high enthalpy side and on decreasing temperature, it is shifted in the 
exothermic direction or towards low enthalpy side. 

The sign of (E, 0р) in Eq. (7.8.5b) depends on that of Лу, If Av, is negative, 

that is, the sum of stoichiometric numbers of gaseous produc is às than that of 
gaseous reactants, the derivative (05. /0p); has a positive value. Thus, increase 
in pressure increases the extent of reaction. 

If AV, is positive, then (05. /0p), is negative and thus increase in pressure 
decreases the extent of reaction. 

Hence, the net effect of i increasing pressure is to shift the reaction in a direction 
where the sum of stoichiometric numbers of gaseous molecules is lowered, thus 


lowering the p. In other words, increase in pressure shifts the equilibrium to the 


low volume side of the reaction whereas a decrease in pressure shifts it to the 
high volume side. 


\ 


halpy 


to high 
known 

in the 
sleased 


irection 
and the 


general 
ms. The 


lirection 
d in the 


граме, 
n that of 


increase 
pressure 


direction 
red, thus 
m to the 
it to the 


Qualitative 
Predictions 


Quantitative 


Relationship 
between In K; and T 


Van't Hoff Equation We havet 
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7.9 TEMPERATURE DEPENDENCE OF STANDARD EQUILIBRIUM CONSTANT Кр 


We have seen that the standard equilibrium constant of a reaction depends only 
on temperature. Thus, it is of interest to study. the effect of temperature on 
the standard equilibrium constant. The qualitative dependence of the standard 
equilibrium constant on temperature can easily be derived from the variation of 
extent of reaction with temperature as given in Table 7.8.1. Before deriving the 
dependence, we need to consider the relation of shift in the extent of reaction with 
that of the equilibrium constant. If the extent of reaction is increased, it means 
the equilibrium is shifted in the forward direction and thus more of the reactants 
are converted into products. In other words, the concentrations of products are 
increased and those of reactants are decreased. This, in turn, increases the value 
of the equilibrium constant. Hence, the increase in the extent of reaction leads to 
an increase in the value of equilibrium constant. Similarly, it can be shown that 
a decrease in the extent of reaction decreases the value of equilibrium constant. 
With these correlations, the results of Table 7.8.1 can easily be written in terms 
of variation in the value of equilibrium constant. These are given in Table 7.9.1, 


Table 7.9.1 Effect of temperature on a reaction at Equilibrium Constant 


Nature of reaction Signof Sign Signof Variation in the value of 
А.Н of dT db, equilibrium constant 

Endothermic +ve +ve +уе Increase 

reaction 

Exothermic -ve te -ve Decrease 

reaction 


The quantitative relation connecting equilibrium constant and temperature can be 
derived thermodynamically starting from the Gibbs-Helmholtz equation (5.8.6). 


d A zo 
dT| T T^ 


Since A,G^ =~ RT In K, 


d| КТК | АА 


le. Seq =e mee 
therefore m T p 
ЧЫК AH? 
Le. | p= T: (7.9.1) 
| dT КТ | 


t Note that the direct differential rather than. the peri differential are used since both K, 
and A,G° are independent of pressure. 
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. Equation (7.9.1) is known as van't Hoff equation. | 
The following conclusions may be drawn from Eq. (7.9.1). 
• For an endothermic reaction, A,H^ > 0 and thus the right hand side of 
Eq. (7.9.1) is positive. This amounts to the fact that In K? p (and so also К 2) 
increases with increase in temperature. 
. e For an exothermic reaction, Л.Н? < 0 and thus the right hand side of the 
above equation is negative, which leads to the fact that In Ко (and so also 
K p) decreases with increase in temperature. 
These results agree with those listed in Table 7.9.1. | 
Alternative Form Equation (7. 9. 1) may be written as 
of van't Hoff P. a | 
Equation | din Ke g AH : | | 
| E E pee = (7.9.2) 
_ | «UT) R | | 
Equation (1.92) is also known as van t Hoff equation. | | 
integrated Form of We can write Eq. (7.9.1) as | | . 
van’ Hoff Equation М | | 
о AH m О 
Integrating the above expression, we have | 
A H° | | 
In K? = -——«1 7.9.4 
p БТ (7.9.4) 
where / is a constant of integration whose value can be determined from a known 
value of K, at a given temperature. According to Eq. (7.9.4), In К, varies linearly 
with 1/T with a slope equal to – A,H’/R (Figs 7.9.1а and 7.9. ib). 


Ы QUEE In Ky 
In Kp EN" n E, 


Ó———— AWE 


HI = үр ===> 
‘Fig. 79.1 Plot of In K versus 1/7 where Fig. 7.9.1b Plot of In Ко versus 1/T where 
Д.Н is negative. Example includes | A.H° is positive. Example includes the 


formation of ammonia from N, and Н, | dissociation of HI into H, апат, 


side of 
150 К) 


> of the 
so also 


(7.9.2) 


(7.9.3) 


(7.9.4) 


a known 
з linearly 


X 


IT where 
des the 


n 
Ed 


e 


; 


DA 
s 
3 


Example 7.9.1 


Solution 


(a) show that 
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If we integrate Eq. (7.9.3) within the limits of T, and T,, we get 


„^а. ABL 1 
K, R A d 


РТ) 
| Koc) AH MET =i 
1.€. In ———- 

Kony Rh 


(7.9.52) 


(7.5.5b) 


From this, it io follows that if the temperature is raised (Т, > T,), then 


‚(ОК Ка? Kas if A H° is positive 


(ш) К, ЩТ) < Ко, „АН? is negative 


P(T)? 


For the equilibrium 


Н,0(1) == H;O(g) 


(а) Аа 
Pi R AD 1 


where p, and p, are the vapour pressure of liquid water at temperatures Т, and T}, respectively. 


(b) The vapour pressure of liquid water at 373 K is 1 bar. Find its value at 323 K. 


Given А „Н° = 44.01 kJ mol’ 
(а) For the reaction 

H,0(1) == H;O(g) 
the standard equilibrium constant is 


Ко = Рн,0 


р p? 


Substituting this in the expression 
dink, AH? 
dT RT’ 
din(puo/p) АН 
dT Um 


Integrating this expression, we have 


we get 


| АН {ат 
[аш р/р) = —— | == 
"Dn R f 


T? 
Of mercer 
Di К AD 1 
b) "EAM 44.01 x10 J mol”! 
: p) (Q30)(8314J K mol!) 
Hence Pa -89g or p= PD. 
р | 898 8.98 


оү “ap 
‚от din(pyo/p)- P 


(Eq. 7.9.1) 


о 


dT 


— _-_1_}..9.954 
33K 33K 


- 0.111 bar. 
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Expr ession for . Equation (7.9.3) to (7.9.5) are applicable only when A,H is independent of 
K, when AH. is temperature. If A, H^ depends on temperature, then the expression relating K, and 


ааны оп T can be derived as follows. 
emperature 0 f ‘ 
peret The temperature dependence of A.A as given by Eq. (3.11.2) is 

d(AH)- AC, d. (7.9.6) 


where A.C, = XVgC,(B) 
B 


that is — AC, = vC, (B) - р | Vp | C, (B) 
‚ (products) беасал) 
If the dependence of C, is given by 
C,=a+bT+cT + | 
then A,C, = Aat (ADT + (A,c)T? * (79.7): 
Substituting this in Eq. (7.9.6) and integrating, we have 


о А А 
АН? = 1 +(A,a)T + = (7.9.8): 


а ШП value of A Г, at a given temperature. Substituting the above expression 
of A,H" in Eq. (7.9. 1), we get 


A | 
d In K, = A e т (7.9.9) 
RT) RT 2R ЗА 7 


Integrating this, we have 


алат), peer р (910) 


In К = — 
Р UR 6 


Where J, is the constant of integration, the value of which is to be determined from. 
RT R 


Where J, is the constant of integration, which is to be evaluated with the help of 


AG or Kj at some temperature. 
озы T es ge мм ER REOR 
Example 7.9.2. For the reaction 
o -1 
+ Ng) + O,(g) = NO,(g) A „Hagg = 33.18 kJ mol 


A Googe = 51. 31 kJ mol” 


of K, at 343 K. Given 
С,(Ч)Л К^! mol = 28.46 + 2.32 x 10°(7/K) 
C051 К^! mol = 26.85 + 849 x 10°(Z/K) 
C,(NO,\/F К^! mol! = 27.78 + 30.85 x 10°(T/K) 
Solution For the given reaction 


A C, = Xv9C(B) = Сола (NO,) = Е Са) 7 С, (05) 


N | 
obtain a general expression relating K^ with temperature and compute t the value | 


\ 


= [-13.30 + 212 x 107(Т/К)] J К^! mot! | 


ndent of 
Y K, and 


(7.9.6) 


(192) 


(198) 


ned from 
xpression 


(7.9.9) 


(7.9.10) 


te help of 


еу 


of! 


the value 
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From the expression 
d(A,H^) 
(dr 

we get d(A,H^) = {{-13.30 + 21.2 x 107(T/K)) JK mot] dT 


2 
AH = E T4212x wf Zh K^ mol! «1, 


where J, is the constant of integration whose value may be obtained from the fact that at 
298 K, A,H = 33.18 kJ mol. Hence 


2 
[=A = [ane ка|] mol! 


| | 1 2 y 107 | 
= pus x10 ~ s% x 298 + San wj | mol”! 


= [33.18 x 10° – (- 3 963.4 + 941. 32)] J mo 
= 36202 x 10° J mol! 


=A,C, 


2 | 
Hexe A H° = E че | K^ mol! + 36202 x 10° J mol" 
Substituting this in the expression 
dln K р AH? 
dT АТ 


| din K; 30 106x102 /K 6.202 x 10? 
we get —— ER, Bes l pe uui iu : s J mol! 


dT RT R 


Integrating this expression, we get | 
, UE e ap ia 
ug aec má ха J K^! ог 

А ЕЯ К К 


36.202 x 10? 
RT 


where J, is the constant of integration. Its value can be obtained from the fact that at 298 К, 


Jmol! +1, 


Рр ш 51.31x10° J mol | 
RT — (8.314 JK! mol) (298 K) 


| 33 10.6 х107 (T 
Thus i= meg- SX (D Әке mol”! 


36.202 x 10? 3 
4——— Jmol 
RT _ 


-3 3 

36.202 x 10 

= 2071- EID ipo шш Iun 
8314 83M (8.314)(298) 


= — 20.71 + 9.114 – 0.380 + 14.612 
= 2.64 


= —20.71 


\ 
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TE 
Hence In K? = |n Oe (Fh K” mol! 


P OR \К/ к AK 
3 
3620210 к 
RT 
At 343 K, we get 
o. 13. 6x10" 36.202 x 10° 
ike nau Bie 
8314 8314 ^ ^ (8314043) 


= -9.34 + 044 – 12.69 + 2.64 = — 18.95 
К, = 5.89 x 10? 


Example 7.9.3 Equilibrium constant for the relation 


200) +8508) — Brie) 


can be represented by 


log Ke = 07740) 


р + 0.3811 


Find A Ск, A, Hagg and A 55овк for the reaction. 
Solution The expression relating A, G^ and K% is 
A,G = -RT In K, = - 2.303 RT log К, 


Substituting the given expression of log K^, we get 
114K 


А,С° = -2.303 ШЕ +0.381 ] 


Thus at T = 298 К, we have 


A,G? = -2.303 (8.314 J К^! тог!) (298 К) al 
298 K 


= — 7486 J mol! 


soe 


The expression for Л.А? is 


din Ke 
AJ = RT) ——— 
dT 


For the given expression of log K°, this becomes 
N d 7.4 
AJ = ar oa E ia jJ 
dT T | 


к к. 3 


= -2.303 R(277.4 K) 


Hence АН = - 2303(8.314 J K mol) (277.4 K) =—5 3114 J тог 


Е о o _ -1 4 
Now д ATA 53114 I mol’ +7 486 J mol" 
T 298 K 


| 2 1301 K^ mor! 


Р, 


SC 


7.1 


Pre 
Dej 


Pre 
Пе 


Рге 
Der 


Problem 7.9.1 . 


Solution 
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Show that for gaseous equilibria 


dinK? AU° 
dT РТ 
where Ky = К% (c'RT/p?) "t, 


We start with the expression 


din К, а AH? 
dT РТ? 


Substituting K in terms of K? and Л.Н? in terms of A,U*, we have 


dhn(K RTI роу) _A,U°+(Av,)RT 


dT RT? 
А dn Ke у An (RTI p°) _ AU RGA 
dT e. dT h^ Т 
o . о o o Av 
a din Ke ду (CR/p) AU m g) 


dT S(ORTIp) RT? Т 
Cancelling the term A v T, we get 


dink? AU 


or 
dT РАТ? 


7.40 PRESSURE DEPENDENCE OF EQUILIBRIUM CONSTANTS 


Pressure 
Dependence of K, 


Pressure 
Dependence of К° 


Pressure 
Dependence of K, 


In this section, we describe the pressure dependence of quilibrium constants 
Kj, K; and K, 


The equilibrium constant К, is related to the standard free energy change of the 
reaction by the relation 
A.G° = -RT In K; 


Since Л, С represents the free energy of the reaction where all its reactants 
and products are at the standard state of 1 bar pressure, its value depends only on 
temperature. It is thus obvious that Кр also shows only temperature dependence 
and is independent of the pressure of the system. 


Since KRC КТ/р°*^\® 


it is obvious that K7 like K, depends only on temperature and is independent of 
pressure of the system. 


Since К, = Ко (р/р?) ^ 5, we have 


In K, = In K; = Ау, In (Pioa p’) 


d \ 


ә 
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Differentiating the above expression with respect to the total pressure, we get 


dK vd oes АР, 
=-— Av, =- (7.10.1) 
др total /Т Protat RT 


Pressure dependence of K, can be described with the help of Eq. (7.10.1). We may 
consider two cases given below. | | | г: 
(i) Av, =0, i.e. there is no change in the stoichiometric number of gaseous molecules 
in the system, then 
_ yo 
k= К, 
In such a case, the position of equilibrium does not depend on the total pressure. 
(ii) A, v, # 0, the effect of pressure as predicted from Eq. (7.10.1) are: 
(a) When A, v, < 0, thus.there is a decrease in the gaseous species, K, increases 
with increase in pressure. 
(b) When A.V, > 0, thus there is an increase in the gaseous species, K, decreases 
with increase in pressure. 


7.11 EFFECT OF AN INERT GAS ON EQUILIBRIUM 


Quantitative The quantitative effect of adding an inert gas on the position of equilibrium of a 
Predictions reaction can be derived as follows. 


Consider the general reaction 


VA, + vA, = vA, + vA, (7.11.1)! 


— 


Let the reaction be carried out starting only from the reactants with n; and n» as the 
initial amounts of A, and A», respectively. Let the extent of reaction at equilibrium 
be represented as ee Thus, we have 


vA, + VÀ, Ə А; + vA; 
5 = 0 Ay nm 0 0 
= Gee n= Утба n – D Уб V45eq 


Total amount of gases at equilibrium 
3 Miotal 7 (n =v] a + (m 2-02 сы) + V3 26 " V4 m 


The partial pressures of various constituents are 


p мё, | eS А 
DA, T Protal > Pa, 3 Protal 
total оа] 
n Д4 £4 Vals 
DA, ~ Protal › ВА, = Protal 
n n 
total total 


t In Eq. (7.1 1.1), all stoichiometric numbers are considered as positive numbers. 


i 


Rea 
an li 
in N 
Gas 
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Узб E V4 АЯ : 
(p, J^ (p, )* | Pita | | — Роа 
» PA, ) (PA, 2 Nrotal n 


total 


(p A y (p A, j” n -= ДӘ А mo Veq " 
| Рош |l r2 Dm Protal 


Miotal total 


K 


ы (APR | c (7.11.2) 


{n, T Vibe) (m ~ Узбеу) | Miotal 
Now let the amount п of an inert gas be added at equilibrium and let the extent 
of reaction at equilibrium be a The total amount of gases at equilibrium is 
| Metal = at (n E мёр) T (m Е бе) ш Visas Y Vibe 


reases SINCE Жош > оар It follows that the mole fractions of various constituents will 
decrease as a result of adding inert gas. Deriving the expressions of partial pressures 
йг of various constituents and then substitutng in the expression for K,, we get 
(Узбед) Vabo)" | Рыа | | (1113) 
(n, - 48 )^ (ny - уб)? пош | 
nofa With Eqs (7.11.2) and (7.11.3), we can derive the effects produced as a result 
of addition of inert gases. Three cases may be distinguished depending on the 
value of Av,. These are: 
пау Reaction Involving Here Av, = 0. For this case, Eqs (7.11.2) and (7.11.3) become 
mus No Change : Р 
as the in Number of а (736,4) (0464) (414) 
ibrium Gaseous Species Р (n -vié (n, -vE" | 
Р (n vi.) (m иб)" и 
Since K remains unaffected, it is obvious that 
К | Ga 5 20 | 
| г that is, there is no effect on the equilibrium position by the addition of an inert gas. 
Reaction with Here A v, is positive. Two subcases may be considered. 


an Increase 
in Number of 
Gaseous Species 


(a) Inert gas added keeping pressure of the system constant In this case, the 
denominator of Eq. (7.11.3) will be greater than that of Eq. (7.11.2). Now, in 
order to keep the overall expression of Eq. (7.11.3) to a constant value of K, its 
numerator must also increase. The latter is possible provided the extent of reaction 


is Increased, 1.e. 
: | 
cu > 7 


Thus, the reaction is shifted to the right side, i.e. more products are formed. 


\ 
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Reaction with a 


(b) Inert gas added keeping volume of the system constant Following the ideal 
gas equation 


pV = nRT 
AT 
we get ел 
п V 
Av Av. 
< Gu 
n ү 


Therefore in Eq. (7.11.2) and (7.11.3), we have 


: Av Av Av 
E: g / £ 
Ptotal a Protal = K 
{ 3 = f > С V 
Miotal Поа 


Substituting this in Eqs (7.11.2) and (7.11.3), we get 
б) б)" ary" 
р V V 
п = иё.) in Е пуб} i 


"B ‚1% 
in Е Vibe } D = пб } 
Thus at constant И this gives 
Coa = A | 
that is, there is no effect оп the equilibrium position of the reaction. 


Here A v, is Negative. Again, we may consider two subcases. 


Decrease in Number (a) Inert gas added keeping pressure of the system constant Following the 


of Gaseous Species 


Qualitative 
Predictions 


arguments given above, we can show that in the present case. 
cats 
eq eq 
Thus, the equilibrium is shifted to the left side i.e. less reactants are consumed. 
(b) Inert gas added keeping volume of the system constant Here again, we get 
е 
that is, there is no effect on the equilibrium position of the reaction. 


The above effect on the value of б caused by the addition of an inert gas may 
also be understood qualitatively as follows. 


In general, the equilibrium constant may be written as 


я Cer S Гит) | 
| | | 


По, Ръш)” TIG)" | AV, 
K, = P Lk Fl (7.1 | 6) 
| I(x, Protal j^ Ta)" Miotal 

p p 


where p and r represent products and reactants, respectively. Three cases discussed 
above are: mE 


i 


№ · 
in N 
Gas 


Incr 
of € 
Spe 


Deci 
Мит 
Gasi 


Effec 
by In 
Pres: 
Addi 


Proble 


e ideal 


wing the 


sumed. 


, we get 


gas may 


(7.11.6) 


discussed 


No Change 
in Number of 
Gaseous Species 


Increase in Number 
of Gaseous 
Species 


Decrease in 


Number of 


Gaseous Species 


Effects Caused 
by Increase in 
Pressure without 
Adding Inert Gas 


Problem 7.11.1 
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Here А v = 0; In this case, the expression of K, becomes independent of р and 
Nota» Hence 


/ = 
ба = бы 
Here Av, = +ve. In this case, we have 


(а) p constant: The addition of an inert gas increases 7t and hence the second 


term of Eq. (7.11.6) is decreased. Now to keep K, constant, the first term of 


Eq. (7.11.6) will increase and hence 
TR | 
(b) V constant The addition of an inert gas increases not only иь but also pu 


proportionately. Thus, the second term of Eq. (7.11.6) remains constant and so also 
the first term and hence 


UMEN 
са = са 
Неге А V, = ve: In this case, we have 


(а) p constant The addition of an inert gas increases пы and hence the second 


term of Eq. (7.11.6) is increased as A v, is negative. Now to keep K, constant, the 


first term of Eq. (7.11.6) will decrease and hence 
e р - 


(b) V constant The addition of an inert gas increases not only тыу but also piu 
proportionately. Thus, the second term of Eq. (7.11.6) remains constant and so also 
the first term and hence 


сы = a 
From Eqs (7.11.2) and (7.11.3), we can also derive the effects produced on the 


equilibrium position as a result of increasing pressure without the addition of an 
inert gas. Three cases may be considered. 


(i) Av, is zero Under this condition, Eqs (7.11.2) and (7.11.3) become independent 
of pressure and thus are identical. This gives us 


"EN 7 
7 Е Ced 
(ii) Av, is positive 1а this case, (ры) £ > (Роа), ®. Thus, we must have 
7 
a < am 
(iii) Av, is negative In this case (p, < (Pioni) € and thus, we must have 
| А 
Seq A m 
Discuss what effects are produced on the equilibrium position of the reaction 


SO,(g) + $0,(g) == S0,(g) 


when (i) pressure of the system is increased without addition of any inert gas, (11) inert gas 
added keeping volume of the system constant, and (111) inert gas added keeping pressure of 
the system constant. 
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Solution |. . The given reaction is 


50,8) + 50,(g)——= $0,(g) 


Let at equilibrium, the amounts of various species be ео, , по, and Ngo,» respectively. 


Let туш be the amount of the gas including the inert gas and p be the total pressure. Then 
the partial ee of various constituents are given by 
_ Ngo, EE. _ 150, 
Pso,~ у Ро," Be. Оо Р 


Йона! Fiotal total 


The equilibrium constant K, is given by 


К 089200 а)р 
i Pso, V Po, (so, LA No, LI 


Rearranging this, we get 


по К 1/2 Pus 
=|——| К, Ж 


1/2 
(no,) "iso, \ Mota 


Thus, we have three cases: — 

(i) Ifthe pressure is increased by compressing the system without addition of gas from 

outside, the right hand side of Eq. (7.11.7) increases as K, is a constant, ш 
. more of SO, is produced from the combination of SO, ani O,. 

(ii) If an inert gas is added at constant volume both л and p increase in the same ratio. 
Thus, the right hand side of Eq. (7.11.7) does not change and hence the equilibrium 
remains unaffected. | 

(ш) Ifan inert gas is added at constant pressure, 7ta; is increased while p remains constant, 
Thus, the right hand side of Eq. (7.11.7) decreases. Consequently, the dilution of the 
mixture with the inert gas decreases the extent of conversion of SO, and O; to SO,. 


7.12 GENERAL TREATMENT OF A REACTION IN PROGRESS 


Expression of A chemical reaction, in general, may be written as 
Gibbs Function | 
0= XvjB (7.12.1) 
B : 7 


where B represents constituent of the reaction and vg is the corresponding 
stoichiometric coefficient (assumed to be positive for a product and negative for 
a reactant) in the balanced chemical equation of the reaction. 


ng = (ngho + Увб (7.12.2) 


where (ир), is the initial amount of the reactant (or product) and é is the extent of 
reaction (unit: mol). 


| 
The amount of a reactant (or product) during the progress of a reaction is given as 


The Gibbs function of a reaction in progress is given by 


G= Упр Up (7.12.3) 
B : 


stively. 


ure. Then 


(11) 


f gas from 
1sequently, 


same ratio. 
quilibrium 


is constant. 
tion of the 
О, to SO,. 


(7.12.1) 
‘sponding 
gative for 


is given as 


(7.12.2) 


> extent of 


(7.12.3) 
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We know that: 


1. The chemical potential of a species in a condensed phase (solid or liquid: 
abbrevation: cd) is given as | 

Швед = Иса) | (7.12.4). 
2. The chemical potential of a species in gaseous phase (assumed to be ideal) is 
given as- 


p 
(в) = Hp(g) + RT In n (142.5) 


whore Dy is the partial pressure of the gas B in a mixture of gases and p? is the 
‘standard-state pressure (= 1 bar). 


Substituting Eqs (7.12.4)-(7.12.5) in Eq. (7.12:3), we get 


G= X n {g+ 2 Ls [ip arat 
B(cd) p 


ng Ho X ng АТЕВ © (1126) 
B B(g) p 


where the summations Y, , У and Y; are over condensed phases, gases and all 
| B(cd) B(g) B 


species, respectively, in a chemical reaction. 


The partial pressure, pp, is related to the extent of reaction through the 
expression 


Pg = XgP 
sic ВАЕ. (7.12.7) 
Moat 2. (Cp) t YB) 
B(g) 
Substituting Eq. (7.12.7) in Eq. (7.12.6), we get 
G = ding ils + RT 2, (љи “| 
р 
ny. 
= э ИВ ub Y (sh In —- RT У, ng In xg 
p B(g) 
= Yn + RT ln e RT Y, ng ln xg (7.12.8) 
B | р B(g) 
Equation (7.12.8) is usually written as 
G= Gyre t Аб (7.12.9) 
where Gyre = Erg HB fag RT n 15, (7.12.10) 
АСЕТ M ngin xg (7.12.11) 
B(g) \ | 
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Reaction Potential - TEN | 
ЁЗ = В + то total рт р P 


| 
| Expression of The change of Gibbs function (Eq. 7.12.8) with extent of reaction is 
| 


: 95 jr, B dé Е 
| 
| 
| | аах 
| + АТ X In xp +n Es) 7.12.12 
га dé S dé | ў 
Now since 
1. ng = (ngh t gé > "Ше 
- Пв = Vlg)g T VB a B 
| d 
2. Moat = Litg= X (воњ) — нуур 
B(g) Big) dé ве Rea 
De : Equi 
3. In xg = In =n- - In n - In (У пр) 
Моңа] ng 
dinx, din dinXm dm | х | 
dé dé dé ny dé In, dé illus 
Vg. Хур 
пр Упр 
, Sn, 1028 La, уз Iv). Ii Y. Vg 
dé пр Lng ) Упр 
уу 
Пв 
In the above expressions, summation 1s over gaseous species, 1.e. B(g). With these, 
Eq. (7.12.12) reduces to 
A. = Evy p+ «(zw Jem enr ху in x 7.12.13 
; дё id T "i c M D 
\ Equation (7.12.13) may be written as Exp 
0G \ 
= Е 


= LValls + RT Y Vp In а 
| B B(g) p 


Vp 5 
= Xvgug + RT In [I E 
B В) \ p? 


| 


12.12) 
Reaction at 
Equilibrium 
Illustration 
h these, 


12.13) 
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= AG’ + RT In 05 — (112.14) 


where Q^, the standard reaction quotient, is given as 


0° = n{2) О (7.12.15) 
B(g)\ р 


(Note: The symbol [[ stands for multiplication of (py/p^) 8 for all gaseous 
|. Bg | | 
species in a chemical equation.) 


The derivative (06/09); р is known as reaction potential and is represented by the 
symbol AG . It is equal to the change in Gibbs function for a unit change of extent 
of reaction. - 


For a reaction to be at equilibrium, 


dG= AGdE=0 = AG =0 


and — 0 = К 
With these, Eq. (7.12.14) reduces to | 
АС° = - RTIn Kj | (7.12.16) 


We derive the expressions of G (= Gyre + АО) and (A С/95);, 2 by using 
Eqs (7.12.10), (7.12.11) and (7:12.13) for the reaction 
N,0,(g) = 2NO,(g) 


which is initiated with reactant having amount equal to the corresponding 
stoichiometric coefficient expressed in moles. Thus, for the given reaction we have 


Уро, = 71; мо, = 25 Yw22-lzl | 
| B(g) , 
Mort = У ив = У ((ng)o + Va Sh 
B(g) B(g) 


= {(My,04)0 + Ynyo4S} + (Cno + Укоб) 


= (1 mol –.2) + (0 + 28) = 1 mol + £ (7.12.17) 


Expression of б.г, With these, we get 


Gre = Eg HS ng RT In & (Eq. 7.12.10) 
B p 


= ("в Jo + Vg 6) ив + RT тш he 


=(1 mol) „о, + (уо, + 2 юу) + RT (I mol + $) In s: 


(7.12.18) 
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-— QE BER 


Expression of Аб = RT i D зу = RT Y np In -2 (Eq 7 12 11) 
Аъ BE) Tota] 
+ 
= RT ИЛ E)n © Arnh + vy 8 
total 
2 
а шй р ШО 4) |+2Ё1п $ || (712.19) 
m ] mol + € }: 
Expression of EJ гь "m |> кы Уу In x, (Eq 7.12.13) 
AG 05 jro B. poo»! 
: EN C MES 
= Dv, ust [Es irn +RT X vp ln (бы tvs § 
B Bg / p B(p).. Miotal 
= (шоо, +2 Udo, )+RT In | 
sarj- 128 Sign c | 
| \lmol+€ | mol+ d 
= Que a yeso dE. (7.12.20) | 
m NO; №0, у * p? A 1 mo? -£ Qo cL 
Computation of Writing the above E in terms of dimensionless parameter E = &/mol, 
G ure: Amix and we get - | 
Reaction Potential " 
| ML «epu то E) In (11221) 
mol N20 N, - lo, p 12. 
AG К, 1-2 ya | 
: ——— = RT| (l- +227] 11122 
‘ | Е ш] | 5) ited : (25 l | 


9б ОЧОК ЛКК eee 
p 2 = t RT In —4 RT In 7.12.23 
| дё |, | 0 UR o, FAL In p | s ( ) 


From the table of standard free energy of formation we find that 
Шоуа) = 5131 KJ 2 and оц = 97.89 kJ mol" 


With these, tlie values of G A G 


pure? 


and (98/95). , at 298 К and 


| bar pressure for different values of £' are recorded in Table 7.12.1. 


total 


l 


2 11) 


2.19) 


2.13) 


2.20) 


/mol, 


. and 


2 (P——————————————Á— 


Table 7.12.1 
4 ~ 00 
GaK! 97.89 
AmI 0 


mix 


Goa 9789 


(dG/ д2), j 
kJ mol! 
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Values of Gre АО» бош and (0G/06)r , for the reaction №О (в) = 230,0) 


pure? ~ mix 
0.1 0.2 0.3 0.4 4.5 0.6 0.7 0.8 0.9 1.0 
98.36 98.84 99.31 99.78 10026 100.73 101.21 101.67 102.15 102.62 
-1.29 -1.89 -2.22 -2.37 237 -2.23 -1.96 -1.56 -0.97 0 


9707 9695 9709 9741 9789 9850 99.25 10018 10118 10262 


-3.22 029 243 406 544 6.74 807 9.59 11.76 оо 


Spontaneous... 1............... nonspontaneous............ Каана ылыа КЫЫ ufa cr Due ыны 


Graphical 
Representations 


Summary of Fig. 
7.12.1 


equilibrium 
AE 


When the values recorded in Table 7.12.1 are plotted against £', we get three curves 
as shown in Fig. 7.12.1. The curve of Gure versus ¢° shows minimum at ¢ = 0 
(pure dimer) and that A mixG versus Ё shows at & = 0.5. Thus, the intrinsic molar 
free energy of unmixed ТОШОП favours pure dimer whereas the free energy of 
mixing favours at 50-50 mixture. The true equilibrium point represents a balance 
between these two trends and lies at 19.0% dissociation of N,O, as is: shown by 


the minimum of Сы versus С curve. 


Figure 7.12.1 represents, in fact, a typical variation of (ш with С of a reaction. 
This graphical representation is referred to as the Gibbs valley. In general, é varies 
from enin Ю a 


At & ..., one (or more) of the products has been exhausted while at & 


min? 


max О 
or more) of the reactants has been exhausted. 


At some intermediate values, бер Cii Passes through a minimum. The values 


of es is known as the equilibrium value of extent of reaction. 


To the left of the minimum the slope 0G,,,/06 of the curve is negative, 
indicating spontaneity in the forward direction, while to right of the minimum, 
the slope of the curve is positive, indicating spontaneity in the reverse 
direction. 


Before the equilibrium, increase in the value of G,,,. with increase in é is 
smaller than the corresponding decrease in Л, „О, thus making Gota, smaller 
and smaller. 


After the equilibrium, increase in С is larger than the corresponding 


decrease in the value of A „С, making Giota larger and larger. 


At equilibrium the increase in the value of Gure is just equal to the decrease 
in А С: This can be expressed mathematically by differentiating Eq. (7.12.9) 
by dé at constant T and p. This gives 


[e | CE | Я |80). 
AE тр 8 Tp % ол» 


‚= ins З 
л НС r s АСАТ nad 


PRS ee 


= улт BO d 


арт UC n DE ETE ERE RT =” 


ааа ЫШЫ ris ral UA i ae ee cO ШААЛ». 
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Fig. 7.12.1 Plot of G 


pure? 
AnixG and Gita versus é 


(Gibbs Valley) 


103 


N,O,(g)== 2N,0 (g) 
T= 298K, р= 1 bar 


102 
г TE 


101 


— 
c 
Ф 


G/kJ mol !— 
f хо 
Mo 


0 02 #404 06 08 1 
E э 


At equilibrium Сы is minimum, thus (86,957 р 0, therefore, it follows that 


E - Cups 0. (7.12.24) 
дё Тр dÉ Тр 


that 15, the minimum in Суы occurs at the point where A 
aS С осе і80геаѕеѕ. Before the equilibrium 


T E 2) 
mix 712.25 
= Ec nd 


and beyond the ка 


ТР), (59 xd ; 
mix 7.12.26 
e: dE J X A, nen 


The above facts ї have been illustrated in Table 7.12.1. 


gi C decreases as rapidly 


Co 
of. 
Co 


Ef 


on 


Fi 
an 
pr 


Computation 
of Equilibrium  - 
Constant 


Effect of Pressure 
on Equilibrium 


3 that 

2.24) 

pidly ; 

N 

2.25) 

2.26) 
Fig. 7.122 Plots of Goure 
and Сы at different 
pressures 
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Equation (7.12.23), in fact, is 


cer NE 


NU ек 9, = 2 (2) 


The value of equilibrium constant сап be computed from A,G° or by substituting 
Seq = 0.19 in the expression of Q7. Thus, 


40.19" | 
=0. since p = p° 
Р 1-9) | е 


и. we e have 


= exp(- A,G*RT) = екр(- 4.73/(8. 314 x 10? x э») 
= 0.148 


Equations (7.12.21) — (7.12.23) may also be used to study the effect of pressure 
on the equilibrium value of extent of reaction (£' eq): Figure 7.122 displays a few 
plots of G pure and Сш along the value of a eq at different pressures. The value of 


E eq Increases with decrease in pressure. This fact is in agreement with Le Chatelier's 
principle. 


| bar 


0.25 bar 


G/kJ mol” — 


0.0625 bar 


ч -0611 Gia 


G pue — 


0.015 625 bar 


% 103 . 494 . 06 08 | 
Bey s 
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Effect of 
Temperature on 
Equilibrium 


Equations (7.12.21)-(7.12.23) may also be used to study the effect of temperature 


on the equilibrium value of extent of reaction and the equilibrium constant OF the 
reaction. 


The values of Шо, and Hyo, at different temperatures may be computed ve 


Gibbs-Helmholtz equation. ПЕ required data are given in Table 7.12.2. 


Table 7.12.2 Data to compute Ио „and Ly, at шеше other than 298 K 


“Substance 


Ch K! mol! =a ИЛ 7 Abr „Аб 

а bx10° cx10® _ kImo! kJ mol! 

№) 029295 2264 5.6649 0 0 

Oe) 26.648 955 1:328 (0 0 

МО)  : 25036 45550 — -18400 33.18 5131 

ой у 3628 — 16098 —-7798 916 9789 


Equations to be used are 


A,G* = чат ]- 5r Ap КЕ Eq 5810) 


2 


in 1 
where K, = Ar - In D Td 


A,Gr, ТАВ Nos К 
К, = E hat SP, ета 
1, K) 2 6 Т, 


Ty = 298K 


The computed values of Hyo, and Шо, are as follows. 


T/K | хоу mol! | Шо IH mol! 
318 52.53 103.85 
338 53.76 109.82 


358 | 54.99 115.81 


With the above data, the obtained values of G ure and Giota are plotted in 
Fig. 7.12.3 at 1 bar pressure. The extent of reaction at equilibrium increases with 


increase in temperature. This fact is also in agreement with Le Chatelier’s principle 
as the reaction is endothermic. 


Equations (7.12.10), (7.12.11) and (7.12.13) can also be used to study the effect 
on equilibrium caused by taking any initial amounts of №, and NO, at any 
pressure and also the effects caused by the addition of inert gas. 
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Problem 7.12.1 


Solution 
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116 | 


114 
mb 


110 358K 


E 338K 


106 

| | 318 K 
104 { 
| 298 K 


G/kJ mol — 


102r. 
100 
98 


96 


02. 04 06 08 10 
Bo 


(a) The extent of reaction at equilibrium (C4 ) for the decomposition of 1 mol of N,O,, 
according to the reaction | 


N,O, = 2NO, 


is a function of the pressure. Show that if the mixture remains in equilibrium as the pressure 
is changed, the apparent isothermal compressibility (ку) is given by 
1{ 3V l 
Kkr = -—| —] =(1/р)}\1+—С„ (l mol- 
T Al др | ( p | jo" ( а) 
(b) Show that кг has a maximum value at é, = 0.5 mol and also show that at this maximum 
р = (3/4) K, 


(a) We have 
NO, = ZNO; - 
1 mol - ед 26eq 
Total amount of gases at equilibrium = 1 mol + ¢ 
Now, from ideal gas equation, we have 


pV = (1 mol + б) RT 


Hence _ (=) 
7 op 


eq 


C (mol e RT ы) 
| T 


T p PX Op 


— TL 


pee ee 


иаа ET eee 
маара БЫ анма Ара La DAT ЕСТУГЕ Аа-а ЧЫ оге ald ea B C А ~ - 


ШЕН: 
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Thus {S| „Олю ART п) 
f T 


V\ др pv ри op | 
EM 2 | 

= ~=- — ——+ 7.12.27 

“р (1 TN др т ( ) 


Now, the equilibrium constant of the decomposition reaction is given by 


_ (Pro, — QR /(I mol + EO p 
Pro, (mol - Emo +2,.)} 


__ 4a 


N mol? - р 


К, 


or kK, (1 mol” - 4) =4 ep 
Differentiating the above expression with respect to p at constant T, we get 
ды 94 
K 4-26 | | >= 42 +86 p| — 7.12.29 
| ы др || °ч x dp | и 
[The term (2К,/9р); = 0 as К, is independent of p.] 
Rearranging Eq. (7.12.29), we get 


ЕЗ MEL NN 
др т 26, Kp * 85, P 


Substituting the expressiori of K, from Eq. (7.1228), we get 


дё 1 mol? - 22 
ЕЗ Sall mol! ~ Ga) (7.12.30) 
др Jr 2p 


- Substituting Eq. (7.12.30) in Eq. (7.12.27), we get 


A ыЫйлөЁ -@) 
V\ op jp p (Imot) 2р 


| | 
кр = "DET па) 


(b) To show that kr has a maximum value at od = 0,5, we set (9к,/9.), =). Thus, we have 


drr) 1 mol-€ enl 
БЕШ Seq) +> ( ЕЁ 


which gives б, = (1/2) mol. Substituting this value in the expression of K, we get 


E 3 
K,=——1., p=-p ә р=-К 
^ 1шй- 35 Page 


(7.12.28) 


Se 
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Problem 7.12.2 Consider the reaction H,(g) + L(g) = 2HI(g). 
(a) If there are one mole of H,, one mole of I, and zero mole of HI present before the 


reaction advanced, express the free energy change for the reaction in terms of extent of 
reaction. 


(b) What form would the expression G have if iodine were present as solid? 


Solution (a) The reaction is 
Hg + Le = 2HI(g) 
Att=0 [mol — | mol 0 mol 
At feq | mol ~ é’ | mol - é’ 26 Total amount = 2 mol 


If we represent €’/mol by Ё, then the total value of G of the system is given by 
` Ghmol = (1 - §) Ин o * Q- 9) Ша t 25 
= (1-6) (ин д RT In (рәр) ) * (1- ©) (utr VON RT ln (р, p 2 
* 26 {Шу + RT n (рнур?)) 

- (1 - E) (Ig + RT In xy, + RT In (pip?) 

+(1-ё) Hive) + RT In x, + RT In (рр°)} 

+ (26) (Ling) + RT In xy; + RT In (р/р°)} 
= Hyg + Hog + § Ching ~ Hie ~ Hig) + 2RT In (р/р?) 

+ RT ((1 – 6) In xy, + (1 ~ §) In x, + 26 In xi] 

| 1 
[а-в -@-8+@-®һ10-д +25 ng] 

= Ин) + Ш, + É AG? + 2RT In (р/р?) 


юка-950-944 


С> 
М.У 


Gimol = (1 – E) ty + (1— 5), + 25 Hag) 
=(1~§) {Hie + RT In (pup?) + A — 9) Hio 
* 26 {avg + RT In (omo p?)) 
E Инда т Ш, + 6 Olli) - Ш B Hc) 
+ (1- £) RT In (Pu p?) + 26 RT In (Puey P’) 
= Ш + Hpo * 6 AG + RT (1 - &) (In Xy, * In (p/p?)] 
+ 2 ERT [In xy + In (р/р°)] 
= Hie) + Hi А AG" +(1+€) RT In (pp?) 
* RT| a 27 сЕ "m +2ё1п Fal 
= Hg) t Hig + EAG? + (1 + й RT In (pp?) 
+ RT [(1 6) In (1 ~ 5) + 26 In (2¢) - (1 + 6) In (1 + &)] 


i 


җи, 
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7.13 CHARACTERISTICS OF HOMOGENEOUS GASEOUS REACTIONS 


In this section, we consider a few typical characteristics of homogeneous gaseous 
reactions having zero, positive and negative values of Av,. 


REACTIONS WITH NO CHANGE IN GASEOUS SPECIES 


Consider the reaction 


A(g) + B(g) = C(e) + Dg) 200 043) 
Thus к. е^ (1132) А 
Pa X Pg E | iem 
Knowing the value of K, and the initial amounts of A and B, the amounts of various 


species at equilibrium can be calculated as follows: 


A- + B ces C + D Total amounts 
Ati=0 Е а Ь 0 0 a+b 
At equilibrium а- ё b-é а 4 atb 
x =s b-¢ : 5 
Раша] ы 5, cake = 
SOM MS ab. Юю wi web" 
2 2 | 
Wehae K, = ар E ч (7.133) | 
| |22 Pes p) (a- 806-8) | 
a+b j\atb | 


This quadratic equation can be solved for ©. One of the values of 2 will determine 
the equilibrium composition of the reaction and the other will have an unreasonable | 
value, which must be ignored. 


Some Conclusions From Eqs. (7.13.2) and (7.13.3), the following conclusions can be drawn: 


Since Av, = 0, therefore 
AX AE (7.13.4) 


If we have a set of equilibrium partial pressures, multiplication of each of 
the partial pressures by the same factor does not change the value of K, L6: 
f the relative amounts of components present at equilibrium are independent 


of the total pressure or volume of the system. 


The relative amounts of the components present at equilibrium remain 
unaltered by the addition of an inert gas. 


K, is independent of the units in which pressures or concentrations are 


expressed. 
Son 


Addition of any extra gas A, B, C or D, when the reaction is at equilibrium, | 
will change the relative amounts of various species without changing thc | 
value of K,. Such changes can be calculated as follows: 

| 


Let the amount n of the gas A be introduced at equilibrium. The system will 
readjust its equilibrium, and let the amount 5^ of gas A be consumed at equilibrium. 
The amount of various species at equilibrium will be 


us 


3) 


un 


ire 


Temperature Effect 


Some Conclusions 


Thus 


atn-& 6-2 в р 


| dm 
K = 
Р” arn- EN-E) 
Since now the denominator is: greater than in ће previous case, ©” will be 
greater than € in order to keep the value of K, same. Thus, more of C and D 
will be formed. This is also in agreement with the Le Chatelier principle. If at 
equilibrium, the gas C or D is introduced, then &’ will decrease, i.e. lesser of A 
and B will combine to give C and D. 
Effect of temperature on the equilibrium will depend upon the nature of the 
reaction—whether it is exothermic or endothermic: 
Exothermic reaction Equilibrium will be shifted to the left, i.e. lesser amounts 
of products will be produced. 
Endothermic reaction Equilibrium will be shifted to the right, i.e. йрн amounts 
| of products will be produced. 


Example Нр) + CO,(g) = H,O(g) + CO(g) 


REACTIONS WITH INCREASE IN GASEOUS SPECIES : 


Consider the relation 


ME BEC (7.13.6) 
: | 
Thus, = 28226 B 
DA 


Knowing the value of K, and the initial amount of A, the amounts of A, B and C 
corresponding to the equilibrium at a given pressure can be calculated as follows: 


А 2 B + C Total amount 
At 17€ a Q 0 a 
At equilibrium a-€ б ё а+& 
| а, 5, $$. 
Partial pressures 22 p а+Ё р ast p 
2 

|2) 2 2 
We have K, = а у. 200 E 7р (7.13.8) 

=: | © («80+ 2-8 | 

p 
atc 


Although K, is independent of p for reactions of ideal gases, p appears on the right 
hand side of the above equation. This fact has the following consequences. 


• Ata given temperature, the composition of the system at equilibrium depends 
on the value of p. Since K, has to be independent of pressure, it follows that 
if p increases С has to decrease, i.e. lesser of A will be dissociated. This also 
follows from the Le Chatelier principle. 
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* The numerical value of K, depends on the units of pressure but the standard 
equilibrium constant K% is fundamentally dimensionless. This follows from 
the fact that in the expression 


Hi = Hi + RT In (рур?) 
the ratio of partial pressure to the standard-state pressure is involved. By 
convention, K, is given the units of p. 
Since Av, #.0, therefore . 

K, + K, + К. К, | (7.13.9) 


Re 


Exi 
ant 
Dis 


On the basis of Le Chatelier principle, it can be predicted that the dissociation 
of a compound is partially suppressed, when one of the dissociation products 
is initially present. Let the amount Р of B be already present; then Ше amount 
of A dissociated can be calculated as follows: 

2 A = B + C Total amounts 
Att 0 | а b 0 atb 


atbt+é 


t 


At equilibrium  a-é bt $ 


Partial pressures ER p м: р ыы 08 р 
а+Ь+ё а+Ь+ё' at+b+€ | 


OEE) _ 
к А. Os 


Solving this quadratic equation in $^ will give the amount of A dissociated. 


(7.13.10) 


Equilibrium The equilibrium constant of this type of reactions can also be written in terms of 

Constant in terms degree of dissociation. The latter gives the fraction of the reactant dissociated, 1.е. 

of Degree of out of | mol of the reactant, how much of the reactant is present in the dissociated 

Dissociation .. form. Thus, if we have | mol of A to start with and at equilibrium if œ is the degree 
of dissociation, then | 


it 


Ex 


А = B + C 
Fraction in the beginning | 0 0 


Sol 


Fraction at equilibrium [-@ @ a 


If a is the original amount of A, we will have 


A = B F C 
н In the beginning a 0 0 
x At equilibrium а(1-0) aa аа 

Total amount at equilibrium = a(1 — 0) + aa + aa = а (1 + о) 


Deriving the expressions of partial pressure and then substituting in the expression 
of K, would give 


лу 
= арс alea) ||ateo) | о 


=—— p (7.13.11) 
EE а(1-0) l-0? 
a(l +a) 


| ` Knowing К, and p, we can solve Eq. (7.13.11) for a. 
| | 


\ 


standard 
ws from 


еа. By 


(7.13.9) 
sociation 
aroducts 
-amount 
1ounts 

b 


os 


ГА 


1.13.10) 


d. 


erms of 
ted, i.e. 
sociated 
: degree 


ression 


1.13.11) 


Relation between 


Extent of Reaction 
and Degree of 
Dissociation 


illustrations 


Example 7.13.1 


Solution 
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For the reaction | 
А = B + С 
Amount involving extent of reaction a- € ё б 


degree of dissociation а(1-0) а@ а@ 


On comparing the amount, it follows that 


C= аа 


REACTIONS WITH DECREASE IN NUMBER OF GASEOUS SPECIES 
Consider the reaction of Eq. (7.13.6) written in the reverse direction 

В+С е А 
For this reaction, we will have 

is oe (7.13.12) 
where K, is defined in Eq. (7.13.7). 


Thus K; has the characteristics which are inverse of characteristics of K, For 
example, if pis increased then the amount of A produced from B and C is increased. 


Example Formation of NH,(g) from N,(g) and H,(g) 
(1/2) №(в) + (3/2) Н,(в) = NH,(g) 
AV = >] 
The following three examples illustrate the kind of effects discussed above. 
Two moles of PCI, are heated at 502 K till equilibrium is reached at a total pressure of 


101.325 kPa. Calculate the composition at equilibrium and also the percentage of PCI, 
decomposed ( K5 = 0.446 1). 


PCI, decomposes on heating according to the reaction 
PCI(g) => PCI,(g) + С) 


The expression of Len as given by Eq. (7.13.8) is 


2 


A 
к= =; di (p/lbar) 


. Substituting the given value of p and K? p We get 


E 0.4661 _ 
4 mol’ - £? 101325 - 
Solving the quadratic equation for é, we have 
6 = 1.12 mol 
Amount of PCI; = 2.0 mol – 1.12 mol = 0.88 mol 
Amount of PCI, or Cl, = 1.12 mol 


ш x 100 = 56 


[; 
Percentage of PCl; decomposed = 


| 


ә i weiner 
M MÀ a LATS SARA RPP 
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Example 7.13.2 If pressure p of the system given in Example 7.13.1 is raised to 1 013.25 kPa at the same 
temperature, calculate the percentage of PCI, decomposed. | 
Solution —— Substituting p = 1 013.25 kPa = 10.132 5 bar in the expression of K, we get 
3 
Ky 10.125 0.466 ] 
4 mol” -é 2 
Solving the quadratic expression for ё, we get 
€ = 042 mol 
| | 42 mol 
Thus Percentage of PCI; decomposed = : а x100 = 2] 
mo 
‘Example 7.13.3 If the vessel of the system given in Example 7.13.1 already contains | mol of Cl, calculate 
per cent of РС]; decomposed. The equilibrium pressure is 101.325 kPa. 
Solution In the present case, the amounts of various species in the beginning and at equilibrium will 
be | | 
PCl(g) = РС) + СЫ) 
To start with 2 mol | 0 1 mol 
At equilibrium 2 mol - € а 1 mol + € | 


Total amount of gases at equilibrium = 3 mol + é 


The partial pressures аге 


; = 2101-5, БЕ ЛА _1шо1+ё | 


Substituting these in the standard equilibrium constant expression 


К = (Рес, /P°) (Pa, ! p^) 
4 (Pea, / p?) 


о _ (1 mol + 5) | . | 
in 557 ота mo c£) PP i 


Since p = 101.325 kPa, therefore 


Edmol+é) 0.4661 | | 
(2mol-£)3mol+é) 101325 | 


Eo 


Solving for ©, we get | \ 


\ Ё = 0.96 mol | 
Thus Percentage of PCI; decomposed = E T x 100 = 48 | 
2mo 


: 1 | | ФФ ! 
Example 7.13.4 0.10 mole each of SO, and SO; are mixed in a 2.0 dm? flask at 300 K. Equilibrium is | 
attained as 


250,(g) +08) = 2806) 
The equilibrium pressure is 281.68 kPa. Calculate (a) the mole fraction О, at equilibrium, 


" (0) Крапа К and (c) the percentage dissociation of SO, if initially the flask contained 
| 0.1 mol of SO, and none of О, or SO,. 


in c 
—L——————— 5. . 2. 


le Same 


alculate 


um will 


rium 15 


librium, 
intained 
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Solution — (a) Let € be the amount of О, that is formed at equilibrium. We will have 
280, + 0 = 280, 
t-0 0.1 mol 0 0.1 mol Total amount at equilibrium 
he 0.1 mol + 22 É 0.1 mol - 26 0.2 mol + £ 
V=2 dm’ 
Total amount of gases at equilibrium can be calculated by using ideal gas equation 
pV = nRT | 
where T= 300 К, p=281.68kPa, ай V=2 dm 
ү 281.68 kPa) (2 dm’ 
Thus pe т ац 
2 RT (8314kPa dm“ mol K )(300K) 
| Непсе 0.2 mol + ё = 0.226 mol 
€ = 0.026 mol 
Mole fraction of oxygen = пш 0.1151 
0.226 mol 
(b) The expression of Кә for the given reaction is 
Р (Ро, / py _ (хо, р/ py Е (ҳо)? | p | 
Р (рдо, P (Do,! P^) Co, P/ P") Go, P/ P) | Go, G9, P 


where xs are the mole fractions. Evaluating these xs and substituting in the above expression, 


we get 
"" (0048/0226 — f 100 kPa | | 
P (0.152/0.226)^(0.026/0.226)A 281.68 kPa 
б | 100. 
(0.152) (0.026)4 281.687 
= 0.308 
o Av, в ~Av, 
Now | Кр= кі =| o K? -o T 
! p p 


AV, for the reaction is ^1. Thus 
кылд (I mol dm?) (8.314 kPa dm? K7 mol) (300 K) 
M (100 kPa) 
- 7.68 
. (с) We are given with the following data. 
250, + О, = 250, 
Att = 0 0.1 mol 
Let x be the amount of O, formed at equilibrium, then the amounts of various species are 
Amount of SO, = 0.1 mol ~ 2x 
Amount of SO, = 2x 


Amount of O, = x 
The amount of gases = 2x + x + 0.1 mol 2x = 0.1 mol + x 


б еа iR алалы SN NF 
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Evaluating the mole fractions of SO», O, and SO, and then substituting in the expression 
of K; we get 

g- Olmo- 2х)? (0.1 mol + ae 5 

i (2x)"x р 

The pressure p of the flask can be replaced in terms of total amount of gases with the help 
of ideal gas equation. 

pV = nRT | 
Thus for n = (0.1 mol+x), V=2dm’,  T-300K,  weget 


_ (0.1 mol + x) (8.314 kPa ám? mol” K”) (300 K) 
d (243) 
| = (1 247 kPa mol!) (0.1 mol + х) 
With this K, becomes 


s (Oimol-2x?/  100kPa | 
кч ee PR. 
4x — 11247 kPa mol 
Solving the cubic equation, by approximation method, we get 
x = 0.036 4 mol 


Per cent dissociation of SO, = — x 100 = 72.8 


7.14 STUDY OF A FEW IMPORTANT HOMOGENEOUS GASEOUS REACTIONS 


. Expression of K; 
in Terms of с 


DISSOCIATION OF WATER 


Consider a system consisting of water vapour in a glass bulb at 298 K with a total 
pressure equal to its normal vapour pressure of 27 mmHg. We will be interested 


in knowing how much of water has been dissociated to hydrogen and oxygen gas 
at equilibrium. 


Let a be the degree of dissociation of water vapour which, according to its definition, 


is the fraction of the substance dissociated, i.e. out of one mole how much of the 
substance is present in the dissociated form. 


The following table gives the requisite data for calculation: 


HO = Нр) + 0,8) Total amount 
Initial amount оп 0 | 0 п | 
Amount at | | 
equilibrium 1-0) no i a (i + о) 
Mole 1-@ a 012 
RR 1+@/2 TUT TP 
Partial 1-@ a a/2 
pressure 140/2 140/2” TET 


| 
| 
| 
| 
| 
| 
| 
| 
| 


Tt 
Fe 


җи, 


ision 


help 


otal 
sted 


i 
| 
{ 


Thermodynamic 


` Feasibility of the 


Reaction 
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The standard equilibrium constant in terms of degree of dissociation IS 


ion a z) a2 p 
_ (Pu, / PWO, / P). \1+а/2 p? Alta2 p? 


(Pro P) E а) p 2 
1+a/2 p? 


Simplifying, we get 


ol? 1/2 
(р/р?) 


pip 
v20- a) (1+ а /2)!? 
This equation is slightly difficult to solve for æ. However, a simplified expression 


can be used since the value of K, for the reaction is very small as can be seen 
from the following calculations. 


= (7.14.1) 


From the table of A;G? we can calculate АС ок of the reaction. 
H,0(g) = Нв) + + 0,(g) 
A, Goggy = А{С (Н, р) + 1 А{С°(О, g) - A;G'(H50, g) 


= 0 + 0- ( 228.57 К] mot") 
= 228.57 kJ mol 
Sine — A,G?^- -RTIn K, 


о NE M (228 570 J mol!) 
Б "9308 RT (303) (83147K^ mol) (298K) 
= ~40,059 


Hence К, = 8.73 x 10“! 
As Кэ is small, we can approximate 


l-a=1 and 1+0/2 = 1 


3/2 1/2 
Thus K, = A 5 
ү 2/3 
2/3 -4l 

| | V2 К | 1.414x8.73 x 10 
{ FLOS, = == 

UI. 1/2 
| (p/1 bar) (z 21 х1.013 25 bar bat 

760 
= 7,51 x 107 


We can see that a << 1, therefore, our approximation is justified. 


SYNTHESIS OF AMMONIA 


Before making attempts to carry out a given reaction, it is worthwhile to consider its 
feasibility using the thermodynamic principle. Nernst and Haber from the following 
thermodynamic data showed that the synthesis of ammonia based on the reaction, 


\ 


i сулгу 


Evaluation of 
Equilibrium 
Constant 


Evaluation of 
Equilibrium 
Concentration’ of 
Species - 
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i Ng) + 3 Hg) = МН, (р). 


in principle, is feasible. 


Ac Hoax зв Cp m 
kJ mol” JK mor! JK mor! 
Ng | .— me 23D 
Н) — 130.68 28.83 
NH,(g) | -46 п 192 45 35.06 
AS = $192.45 -4 (191. 6)-3030 68)} J К^!шоГ! (7.143) 
= -99.38 JK” mol”! 
A Gg = A HDi = T AS 298K 
= ~46 110 J mol! – (298 К) (- 99.38 J К^! mor!) 
= —16 494.8 J mol! (7.14.4) 


The negative value of Gibbs function of reaction indicates that the reaction is 
feasible. 


The equilibrium constant of the reaction is computed as follows: 


A.G; 16 494.8 J mol !) 
log Кооз, = – 1-2. ( 


2.303 RT 2.303 х (8.3147 K^! mol”) (298 К) 


= 2.89 
Квк = 7.78 x 10°. 


Though the reaction is possible with such a large value of K?, its rate of 
combination is very slow. We can increase the rate by increasing temperature. 
This will decrease the value of Lee since the reaction is exothermic, but it is still 
helpful. The rate can also be increased by using a suitable catalyst. The latter 
will not change the value of A,G? or K5 for the above reaction, but will help in 
increasing the rate of the reaction by following an alternative path. 


. Now we shall consider how to calculate the value of Ко or equilibrium concentrations 


А LI . Р * + 
of №, H, and NH; under a given condition of the system. We write the reaction 


as 
IN, (g)+3H,(g) = МН, (g) 
(рун, Ip?) 
(py, Ip)" (py Ip?" 


For the sake of convenience, we start with the dissociation of NH,. The reaction 
will be just reverse of the above reaction, L.e. 


МН) = v5 L Nig) + 2 H(g) 


with Ke 


(1145) - 


a 
Б 1 


143) 


144) 


ion is 


14.5) 


ate of 
‘ature. 
is still 
latter 
elp in 


‘ations 


action 


action 


2 ҖЫ, 


Example 7.14.1 


Solution 
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Its equilibrium constant is 
"S (Ps) Qi, 1 


p Рун, р° 


Obviously K% = 1/КЪ 
Let æ be the degree of dissociation of NH;. We then have 


NH ә 1 p3 
Xg == SNe) sti) Total amount 
ОА =0 оп 0 0 п 
` At equilibrium — n(1 - o) (1/2) па (3/2) па п(1 + 0) 
Mole fracti a : 8 
are т Al+a) 10) 
Partial l-a a 3a 
artial pressure Te 1+0)” 1+0)” | 
үз 3/2 
Tus KT (рм,) “(рн,) A 
Рмн, р 
a 1/2 За 3/2 | 
_\2й+0)') aro”) 1 330 А ы 
(=) p -oô i 
1+@ 
41-о?){ p° | 
md KS = oe (7.14.7) 
3430 p 


In a system, the equilibrium reaction 


(1/2) №6) + (3/2)Н (в) = NHs(g) 


was studied starting from pure NH,. It is found that at 10.1325 bar pressure and 673 К, the 


gaseous mixture contains 3.85 mol % of NH,. Calculate K,, K? and a. 


xy ^p | 
The gaseous mixture contains 3.85 mol % of NH;. Thus, its mole fraction is given by 


_ 3.85 
лн; = Тү = 0.0385 


The total mole fraction of the remaining gases, namely N, and H}, is 


ху, + Xy, = 1 - 0.038 5 = 0.961 5 


Since nitrogen and hydrogen are present in one is to three ratio, therefore, their 
individual mole fractions are 


i 
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Example 7.14.2 


Solution 


xy, = (14) x 0961 5 = 0:240 4 
xg, = 0.961 5 – 0.240 4 = 0.721 1 
= Nm 0.0385 
(an) a, — (02404) ^ (07211)? 
Their partial pressures are 
Рун = хмн,Р = 0.038 5 x 10.132 5 bar = 0.390 1 bar 
рв, = хр = 0.721 1 х 10.132 5 bar = 7.306 5 bar 
Py, = хур = 0.240 4 x 10.132 5 bar = 2.435 9 bar 


Substituting these in the expression of K5 we get 


= 0.128 


x 


fes (Рун, / P^) 
Р (py, Y (py 10°)? 
0.390 1 bar/1 bar) 


© (13065 bar/1 bar) (2.4359 bar /1 bar)" 
= 0.012 65 | 
If a is the degree of dissociation of NH,, then we have 
NH, = (1/2)N, + (3/2)H, 
At equilibrium l-a 0/2 3 0/2 


Total fraction = 1- a+ Tem =|+0 


Thus, the mole fraction of NH, is 
ia 


Equating this to 0.038 5, we get 
a = 0.926 


or, at equilibrium 92.6 mol % of NH, is dissociated into H, and N,. 
For a reaction | 
NH,(g) = (1/2)N,(g) + GI2H;(g) 
K ‘ = 79.1 at 400 °C. Show that the fraction of NH, dissociated at a total pressure pis given 


by 
-1/2 
ge ЗР) 
4 K, 


Calculate the value of K7 for the given reaction. 
The given reaction is 
.. NHs(g) = (U2)NX(g) + (3/2)Н,(в) 
Its Кр is given as | 
po = (ЛЫР “(РР 


2 : =79.1 
(Рын,/Р?) т 


ren 


XA, 


Example 7.14.3 


Solution 


Thermodynamics of Chemical Reactions 423 
The expression of K, in terms of degree of dissociation (0) of NH, as given by Eq. (7. 14.6) 
is 
К = 345 o^ (pl p°) 
Р  4(1-0)(1*a) 
Rearranging this, we get 


4(1 — а) — 343 а? (plp?) = 0 


or o^ (4K5 + 343 (pp?) = 49 
y 
| | 4R? P 1 
Thus Q-|— —E———| =| — r 
2 (4933 (р/рә)) |, 33 (р/р?) 


4 К 


0 
и К, а 
opr AY, 
Now к-к} 3 
p° 


For the given reaction, Av, = + | 


(1 mol dm 2) (8.314 kPa dm? К^! mol) (673 K) | 


Thus К = | mF =1.414 
a 


If in the system given in Example 7.14.1 the pressure is changed to 5 066.25 kPa, the 


mixture was found to contain 15.11 mol % of NH. Calculate the degree of dissociation. 


In the present case, we have 


хун, = 0.151 1 рун, = 0.151 1x 5 066.25 kPa = 765.51 kPa 
Xy, = 0.2122 Py, = 0.212 2 x 5 066.25 kPa = 1 075.06 kPa 
Xg, = 0.636 7 Py, = 0.636 7 x 5 066.25 kPa = 3 225.68 kPa 
| 151 
Thus p | 2° 
(0212 2)/^(0.636 7) 
Ke (165.51 kPa /100 kPa) -0.01274 


P (1075.06 kPa/100 kPa)? (3 225.68 kPa) (100 kPa)?’ 


It is to be noted that K, is the same since it is independent of pressure but K, depends on 
the value of pressure. | 


The degree of dissociation as calculated from the expression 
1-а 
Xug, = —— = 0.151 1 
“з та 
is a = 0.736 
Thus, it can be seen that the degree of dissociation has decreased as the pressure in increased, 
as would be expected from the Le Chatelier’s principle. 


M 
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Degree of 
Dissociation 

from Density 
Measurement at 
Constant Pressure 


Degree of 
Dissociation 
from Pressure 
Measurement at 
Constant Volume 


DISSOCIATION OF DINITROGEN TETROXIDE 

The following is the Table containing information needed to deal with the 
dissociation of dinitrogen tetroxide. | 

N,0,(g) = 2NOAg) . Total amount 


r тазалана 


Initial amount n 0 0 
Amount at timet — n(1- a) | 2п@ п(1 +0) 
| | 1-@ 20 | 
Mole fraction Pags ae 
1+@ l+a 
Partial | | 1-@ | 20. 
artial pressure Te Б 
4 | 1+@ р 1+@ d 
Ат! —— 9.16 kJ 33.18 KJ 


Let at t = 0, V, be the volume of the gas at a pressure p. Using ideal gas equation, 
the density of the gas is given by 


pV, = nRT= —RT 
M 
@ к= 
Vy RT 


Let at equilibrium, the total amount of the gases be n(1 + о) and let V, be its 
volume. | 


1+ a)RT 
"EE a os 
p 
Density of the gas at equilibrium will be given by 


nxM  nMp 
PU y 1а) ЕТ 


Rearranging this, we have 


«= PZP | (7.14.8) 
© A 

When the reaction is carried out under constant volume condition, the pressure of 

the system increases since on dissociation, amount of the gas increases from n to 

n(1 + œ). If the ideal gas behaviour is assumed, then 


nRT RT 
Po = y and ру = Hu 
Thus p-ü*ep or a= 20 (7.14.9) 


| Po 


\ 


Th 
Da 
Re. 


Eff 
on 
Dis 


[A 


its 


Expression of 
Equilibrium 
Constant 


Thermodynamic 
Data For the 
Reaction 


Effect of Pressure 
on Degree of 
Dissociation 


\ 
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Thus, the value of a can be calculated at any stage of dissociation from the 


pressure measurements. 


The expression for K? р is 


2 
, 222) | 
2 (Pxo,/P*) Alta р" 40? [E (1 1410) 
Р (Pulp?) E 2) 1- od V p? 
1+0 p? 


Experimentally, it is found that at room temperature and 1 bar total pressure, the 
degree of dissociation of №0, at equilibrium 15 0.19, the numerical value of the 
standard equilibrium constant will be 


К = m (1 bar/1bar) = 0.149 8 


p 


With E the value of AG? can be calculated as follows. 
AG ogg = — 2.303 RT log К» 
= — (2.303) (8.314 J K mol”) (298 K) log (0.149 » 
= 4 704 Jmol! = 470 kJ тог! 


By measuring the percentage dissociation as a function of temperature, we can 
determine A,G? as a function of temperature. Then with the help of Gibbs-Helmholtz 
equation, we can obtain enthalpy of the reaction A Нозу. 


The degree of dissociation of №0, does not depend upon the amount of №0, 
taken to start with. However, the degree of dissociation of N,O, does depend 
upon pressure. The expression relating these two can be obtained by кашы 
Eq. (7.14.9). Thus, we have 


Я U2 
Ke 
q= | R (7.14.11) 
| K,+4(p/ р) | 


As pressure increases towards infinity, œ approaches zero. On the other hand, as 
the pressure approaches zero, œ approaches one. These changes are exactly what 
would be expected from the Le Chatelier’s principle. 


7.15 MISCELLANEOUS NUMERICALS 


1. (а) For the reaction 
CoH,(g) + Н,(в) = СН) 
calculate Кр at 25 °C. Given are the standard free energies of formation at 298 K: 
| A;G*(C4H,) = 68.124 kJ тог"; A ,G°(C,H,) = -32.886 kJ mol”! 


(b) For the reaction given in part (a), standard enthalpies of formation and standard entropies 
of various species are given below. Calculate Ко, 


\ 
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ApH(CyHy) = 52.283 kJ mol" = AgT(C;H,) = - 84.667 kJ тог 
S°(CoH,) = 219.45 J K mol"; S°(C)H,) = 229.49 kJ mor; 
$*(H;) = 130.58 J K mol; 
(c) Also calculate Ко for the reaction given in part (a). 


Solution (a) The standard free energy change of the reaction 


С Нв) + Hy(g) + C;H(g) 
is given by 


«AG? = NGYCOHS - АСС B) 
Thus substituting the given data at 298 K, we get 
A „Сок = (— 32.886 — 68.124) kJ mol! = – 101.01 kJ mol”! 
-A,G° 


Now since log K, = 03m 
x2. 


3 -l 
iid log K° = (101.01 x 10° J mol ) 


отто 
(8314 J K^! тог) (298 К) (2.303) 


ог Ко = 5.06 x 10" 
(b) Д, А of the given the reaction is given by 
A? = AJIT(C,H;) - AH*(CSH;) 
= (- 84.667 – 52.283) KJ mol! = -136.95 kJ mol 
` A,S? of the reaction is 
A,S* = S(CUH,) - 5°(С,Н,) - 5°(Н,) 
= (229.49 — 21945 — 130.58) J K mol! = -12054 J K7 mol! - 

Now since A,G°=A,H°-TAS° 
we get AG? = — 136.95 х 10° J mol — (298 К) (-120.54 J K тог!) 


= -101.029 x 10? J mol! = -101.029 kJ mol”! 
Calculating Ко from the reaction 


A.G° 
log К = -— 
Бар 72303 RT 
029 x 10 J mot 
weget log K, = ay 
2.303(8.314 J K^! mot) (298 K) 
\ or Ky = 5.06 x 10" 


(c) The change in the stoichiometry number of gaseous species in a reaction is given by 


Ду & vy- PL jv] 


р r 
(products) (reactants) 


Thus, for the given reaction, we get 
Ay o 
Substituting this along with Ко at 298 K in the relation 


en] 


(е) 


6-6] 


ae a a € MÀ M € cm e, , 


] 
LL em i aisi ata 


Solution 


Solution 


we get ` SG; kt» бою" 


_ consider the reaction 


therefore к= К? = К? = 
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(imo п?увз 314JK" mol) (298 К)? 


100 КРа 
= 1254 x 10” 


2. What is the partial pressure of HCl(g) above a solution that is 2 mol dm? in Н 


and 2 mol dm” in СГ ? Given: AG'(HCI, р) = -9527 К] mol and АСГ) = 
-131.17 kJ то". 


To calculate the partial pressure of HCI above the solution containing H* and СГ, we 


HW + C = HCl) 


АСК) mol" 0 -131.17 -95.27 
Thus AG°= -95,27 kJ mol - (-131.17 kJ mol) = 35.9 kJ mol 
| | л бо E E -l . 
log K = = ае --629 


2303 АТ 23038314] К”! mol) (298 K) 
Непсе К° = 5.1х 107 | 


Sine = ш) урут 
.. (Н*уто! dm ^) (CI ]/ mol dm?) 

we get рна! bar = 2x2 x 5.1 x 107 

or ^ ua = (2.04 x 10°) (1 bar) = 2.04 x 10% bar = 0.204 6 Pa 


. In a study of the water-gas reaction 


CO,(g) + H,(g) = CO(g) + H,O(g) 


a mixture of CO, and H, initially containing 42.4 mol % Н, was brought to equilibrium 
in a closed vessel at 1 259 K. The system was then found to contain 15.2 mol % H,. 


Calculate K^, and A,G? for the reaction at 1 259 К. 


At t = 0, H, is equal to 42.4 mol %, and therefore CO, will be 100 — 42.4 = 57.6 mol 
%. At equilibrium, Н; is found to be 15.2 mol %, i.e. 42.4 — 15.2 = 27.2 mol % has 
combined with CO, to give CO(g) and H,O(g). It is clear from the stoichiometry that 
the same amount of CO or Н,О is formed. The mole percentage of CO, will be equal 
57.6 — 27.2 = 30.4. Thus at equilibrium, the amount per cents of various species are 
CO;(g) + H,(g) = CO(g) + H;O(g) 
30.4% 15.2% 212% 272% 
Now since for ће reaction 
Av, = 0 
(nico / n° ) (mj o/ n° ]: 


(where п° = | mol) 
(поо, / "° Ary, / n ) 


n 


Substituting the value, we get 


K= K = РТ 
Р 304 x152 


Since A. °=- RT In K; 


we get AG? = ~ (8.314 J K` mot") (1 259 K) (2.303) x log (1.602) 
|. 2-493165] тог! 


SEE ES АТГА 707 ТИННИН 
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4. HS dissociates according to the equation 
2H,S(g) => 2H,(g) + S (g) 
At 1 125 °C and at a total pressure of 101.325 kPa, the degree of dissociation of H,S 
is 0.305. Calculate K^ for this reaction at 1 125 °С. 
Solution с 15015 the degree of dissociation of H,S, then the amounts of species involved in the 
2 /' reactionare > > с ЧЕ | 
2H,S(g) => 2H,(g) + S,(g) 
п(1-0) | . na n(a.12) 
Total amount of species = n(1 = 0) + по + n(0/2) = n (1 + 0/2) 
The partial pressures of the species are 


_ n-o) _ l-g 
+37 05072) 


Pus 7 XgsP p 


_ n a 
EHI TUE S п(1+ 


а)? 1+0 


nal? 012 
пї+а/2)' 1ға2 


Ps, = %н,р = 
Substituting these in the expression of K we get 


2 
| 2 (onora) | ae опсон) 
(x22 — (1+0/2) 


É | | (1-а) 
(1+0/2) 


d 


_ оза? (p/100 kPa) 
(1-0) (140.5 0) 
Substituting the given value œ, we get 


a MN 
K- 05% (0:305) SLUEP NM 
.? — (0.695) (140.1525) 


са 


. СОС, gas dissociates according to the equation 


COCL(g) = CO(g) + CL,(g} 


\ When СОСІ, is heated to 724 K at 101.325 kPa, density of the gas mixture at 
equilibrium is 1.162 g dm ^. Calculate (а) the degree of dissociation, (b) K; and 
(с) A,G? for the reaction at 724 K. 


Solution (a) Let о be the degree of dissociation of СОСІ,. The amount of various species 
| involved in the given reaction are 


coc, = CO + Cl, 
at t= 0 ". 0 0 
and at/,, n(l~ a) по по: 


Total amount of the gases = п(1 + а) 


S0 
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Volume of the flask, ү = А 
| Pc 
5 [ mMooa, _ ™Mcoa,P 
Density of the mixture, p= — = 
-Y nl + o)RT 
е 
we Ё 
l or Q = Рі coc, -Í 
| р ЁТ 
Substituting the given values of p, р, Mcoci, and T, we get 
| Е. (101:325 КРа){99:р mol”) p 
(1.162 g dm ?)(8.314 kPa dm K ! mol) (724 K) 
= 1435 - 1 = 0435 
(b) The partial pressures of the species involved in the reaction are 
ni-a) 1-0. | nt Q 
iH mea) TUS FO па) lta’ 
oer к 
Pty isa)? sa? 
Substituting these in the.expression 
о copa") 
р Wc S EIU Ee 
(Pcoa,/P ) 
| 
. Па, 92 
we get Ко = ор а (4) 
l-a p | 1-0 \ p° 
|a p? 
435 2 
Hence Ko (4357 — x 101.325 n 04892 (01325) 
1- (0.435) 100 kPa 1-0.1892 
; = 0.236 4 
(c) Since AG? =- RTIe- Ко, we get 
^ G° = — (8.314 J K'' mol) (724 К) (2.303) x log и 236 4) 
at 
nd = 8 682.8 J mol” 
| 6. N,O, dissociates according to the equation 
les 


N,0,(g) = 2NO,(g) 


When 0.578 g of N,O, was introduced into a 1 dm’ flask maintained at 308 K, the 
equilibrium pressure. was 24.12 kPa. Calculate (a) the degree of dissociation and, 
(b) K; at this temperature. 
Solution Let a be the degree of dissociation of N,O,. The amounts of the species involved in 
the reaction are 
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Solution 


N,0,(g) = 2NO,(g) 


Att, 11-0) 2na 


where: n = (0.578 g)/My,o, = (0.578 g)/(92 g mol") = 0.006 282 mol 
Total amount of species = n(1 - a) + 2na = n(1 + о) 
Since pV = nRT, for this case 
: 3 
Ж О а (24.12 kPa) йй) 
КТ (8.314 kPa dm K mol) (308 K) 
= 942х108 mol 

Solving for'a, we get 
0.009 42. 
Nm 006 282: 


x =0.5 


2 Subsiuing а ain the. expression n of K, we get 


„_ (Pro, (Eo) | Ao (pl p°) 


(Py,o, ! P^) (= “(p/p 1-02 
1+а 


_ 4x05? к 
1-0.5^ V 100 kPa - 


= 0.322 


7. (a) PCI, dissociates according to the equation 


РС1,(в) = PCI,(g) + Cb(g) 


. When 0.03 mol of РС]; was brought to equilibrium at 502 K and 101.325 kPa the 


volume of the system was 2.09 dm’. Calculate (i) the degree of dissociation and 
(ii) КЪ 

(b) What will be the degree of dissociation when 0.20 mol of PCI, is brought to 
equilibrium in a 3 dm? vessel at 502 K? 


Let о be the degree of dissociation of PCl;. The amount of various species involved 
in the reaction are 


PCI, (в) <= РС, (в) + Cl, (g) 
At tz 0 n 0 0 
At teq n(1- 0) na na 
Total amount of species at equilibrium = n (1 + 0) 


(a) In this case 
n = 0.03 mol 


Thus from the ideal gas equation, we have 
рУ (101.325 kPa) (2.09 dm?) 
RT (8314kPa dm) К^! mol!) (502 K) 
= 0.050 7 mol 
_ (0.050 7 mol) 
— (0.03 mol) 


(i) (0.03 mol) (1 + @) = 


-1=0.69 
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(ii) The partial pressure of the species are 


SE „и. MS i NND PER, ONE. i 
Ра, т жа)” ica жа)? ita? 
na 00 - 
Pra, = pu p 


5 n(lt+a) Ita 
Substituting these in the expression of K>, we get 


a a 
p- (Peci, /P°) (ро, / p?) _ т ) _@ (pl p^) 
н Р (Pray, / p^) (a / Й l- о? 
К (1+0) 
Substituting the value of a, we get 


p 0.69? (aas 
100 kPa 


P 1-0.69? 
(b) We have 


| = 0.9204 


p. Eo pP) 
p еей 
Replacing р in terms of total amount of gases, we get 
K= œ п'ЕТ _ 02 п(ї+о)КТ 
1-02? Vp? l-g? Vp? 


=o RT 
1-а Vp? 
16 2 о 
а Vp 
or —— = | 
E l-a — "nRT 
to For the given data, we have 
Са (0.920 4) (3 dm?) (100 kPa) z 
d 1-а (0.2 mol) (8.314 kPa dm’ K" mol )(SQK) - 


or 02 +0.33 œ- 0.33 = 0 
Solving for a, we get 


à 093341033) +403) - 0.33 +14195 


2 | 2 
= — 0.762 (not possible) or 0.432 


8. PCl;(g) dissociates according to the reaction 


PCl(g) = PCl(g) + Chg) | 
-At 523 К, Ко = 1.80. Find the density of the equilibrium mixture in g dm at a total 
- pressure of 100 kPa. 


Solution | Let а be the degree of dissociation of PCL. The amount of various species at equilibrium 
are Я 


E 
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РС, = PC, + CL 
At beg ni-a) n na 
Total amount of the gases = n (1 + о) 


The value of о can be determined from К, 


AE (©! | 
o (Рес, ! P) (ра, / P) Vig рр | a’ (pl р) 
(Ge = ы: 
(Pray ! P^) БЕ) 1-@ 
L5 1+@ 


| | (where р° = 100 kPa) 
or of = Ky - a) | (since p = 100 kPa) 


o — а= КК) 


Substituting the value of K we get 
«= v180/2.80 = 0.80 


Now using ideal gas equation, we have 


pV = WRT = п(1 + а) RT = (mMc) (1 + о) RT 


PMpci, (100 kPa) (102 g mol`’) 
(lt+@)RT (1.8) (8.314 J K! mol”) (523 K) 


ше з 
p V 
p= 1.30 g dm” 
9. Solid NH,HS dissociates according to the equation 


NH,HS(s) <= NH,(g) + H,S(g) 


The dissociation pressure of solid NH,HS is 66.87 kPa at 288 К. (a) Calculate К, for 
this reaction. (b) What fraction of the solid will dissociate when 0.1 mol of NH,HS 
is introduced into a 1 dm? flask at 298 К? (c) What fraction will dissociate when 0.1 
mol of NH,HS is introduced into a 1 dm? flask that contains NH, at 20.26 kPa and 
298K? . | 
Solution (a) Dissociation pressure = 66.87 kPa 
| Since NH, and H,S are present in equal amounts, we have 
Рун, 7 Prs = 33.435 kPa 


| | 
4 
33 e EXT 


` Thus Кр = (рин, р") (РР?) = | TTA 


(b) Let о be the degree of dissociation. Therefore, at equilibrium, we have 


NH,HS() = МН) + H,S(g) 
At fag ... 0.1 mol)(1 - o) (0.1 mol) (0.1 mola 


 nRT (0.10: mol) (8.314 kPa dm? mol K^") (298K) 


e V | | dm? 
= (247.16 о) 
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Thus Ко = (рун, /100 kPa) (py,s/100 kPa) = (2.477 6 о) 


ж үке AN 0.111 
Or a= which gives 0 = = 
24716 2.477 6 


(c) Let a’ be the degree of dissociation. Therefore, we have 


NH,HS(s) = МН) +  H,S(g) 


АЫ c (0.1 mol) (1 2a) (0.1 тойо” (0.1 mol)a’ 
, Е үз 
ры, = 20.26 kPa + (0.1 a mol) (8.314 kPa 2: mol K )(298 К) 
за) X ALI е | dm 
>a) | | = 2026 kPa + 247.76 a’ kPa 
_ (0.10 mol) (8.314 kPa dm’ mol" K7')(298 K) 
HS =" 
= 247.76 a’ kPa : 
Ко = (рун, P) Push’): (p° = 100 kPa) 
| = (0.202 6 + 2.477 6 a") (2.477 6 a") | 
ог (2.477 62 aw’) + 0.202 6 x 2.477 6 a’ - Ко=0 | 
| 6.139 a^ + 0.502 a” - 0.111 =0 
| Solving for a’, we get 
quus 0502+ 40.502? + 4(6.139}(0.111) = 0.502 + 1.726 _ 0.10 
2x61399 12.278 | 
| - 10. The density of an equilibrium mixture of N,O, and NO, at 101.325 kPa is 3.62 g dm ^ 
A | at 288 K and 1.84 g dm” at 348 K. What is the enthalpy of reaction for 
or P E 3 
| | N,0,(g) = 2NO;(g) 
and | Let п be the amount of N,O, at f= 0 and ot be the degree of dissociation of N,O, at 


equilibrium. Then 


N,0,(g) = 2308) 
(1-0) n(20). 


Dy 


Total amount of species at equilibrium = n(1 + 0) 
\ Now employing the ideal gas equation, we get 
pV =n(1 + 0) RT = ү (1 + ÒRT 
pM = p(1 + a)RT 


or = Hs 


(101.325 kPa) (92 g mol!) Е 
(3.62 g dm”) (8.314 kPa dm K™ mol”) (288 К) 
= 1.076 - 1 = 0.076 


At288K, а 


\ 


434 А Textbook of Physical Chemistry 
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At 348 K, 


© 


_ (101.325 kPa) (92 g mol!) E | 
(1.84 g dm?) (8.314 kPa dm? K^! mol!) (288 К) | 


= 1.752- 1 = 0.752 


| " £ 772] 
е PY lira 40? 
Now - Кр= ШАЮ н р ИЕ 


rane (mas kPa 


Therefore К at 288 К = | 
2o? 7 7 10.076 | 100 kPa 


| =0.0236 


Ке ! 
md — К°а{348К= 40752 eet sar 


10.7522 { 100 КРа 
0 : 
or) _ АН |1 1|_ AH*(T,-T,) 
у M Ei 2 e ou RTZ, 
Кот) 2. 142 


For the given two temperatures, this gives 


_ А.Н (60K) 
(8.314 K^! mol”) (288 К) (348 К) 


2.303 zi Dem | 


0.023 6 


~] -| 
ieee. ‘eee oS eee, 2225. 


(60 К) 0.0236 


= 75.4 х 103 J mot! = 75.14 kJ mol”! 


П. 


— 


HgO dissociates according to the equation 
HgO(s) = Hg(g) + 1 0,(g) 


This dissociation pressure is 51.56 kPa at 693 K and 108.02 kPa at 723 K. For this 
reaction, calculate (а) А.Н and (b) А, 5 at 723 К. 


Solution Pressure p at 693 K = 51.56 kPa 
| Pressure р at 723 K = 108.02 kPa 
; Stoichiometry of the given reaction indicates that 
пн) = 2Mo,(8) 
Therefore, it follows that 
Pag) = 2po,(8) 


The partial pressures of Hg(g) and О,(р) at the given temperatures аге: 


At 693 K Pgs) = = x5156 kPa = 34.373 kPa 


and x 51.56 kPa = 17.187 kPa 


1 
Роа 3 
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2 
AUDSK Prge = = X 10802 kPa = 72013 kPa 


1 
and PoX8):= 3 x 108.02 kPa = 36.007 kPa 


K; at 693 К = (ри„/р°(ро/р°) —40.343 70.171 9)? = 0.142 5 


Substituting these in the expression of Ко we get 
| K; at 723 K = (Pup?) (Po. /p*) ^. = (0.7201(0.360 1)!” = 0.432 1 
| 


К В. 


0 о 
Now since In Kan) = A — 3 
i PT) 


2.303 x RX TT, 2s „Кыт 


we get А,Н°= 
1,-1, К 


For the given two temperatures, this yields 


д po 2308 8314 1K mot!) (693 K) (723K) [= 
е е шы с е зм gp s 


(30 К) 0.1425 
= 154 061 J mol! = 154.061 kJ mol”! | 
Now Д,б° at 723 K = -RT In Ко 
= (8, 314 J K! mol) (723 K) x 2.303 log 04321 
= 5 044.7 J mol! = 5.045 kJ mor! 


=| : Thus А,5°= АН um _ 154061 = AT RT 
= 206.11 J K! тог | 
12. The value of K, for the reaction 
3 He) + 518) = HKg) 
ея is 8.32 at 873 К and 1 bar pressure. Calculate K5, Ко, and К, for 
О  2HKg) => Н) + L(g) 
(i) 848) + L(g) <= 2Hl(g) 
Gi) Н) = SH (g) +5108), 
Solution For the reaction 
ІН, (в) + $1,(g) = Hig) 
we have К = (Pi! P^) 


—— Ha MN T Ete 
р (Pu, Ip?” (p, Lp? | 


(i) For the reaction 2HI(g) => H,(g) + 1,(g), we have 


(ри! Р°)(р„ Р?) 1 
RES Bey = 0144 
(Py! р") Ky (8.32)? 


а> 
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Solution 


13. 


14. 


(ii) For the reaction 
Hg) +16) = 29) 
we have K% = БЕС UD 20 = КӘ = (8.32)? = 69.22 
(рн, / Р?) x, / p?) 
(iii) For the reaction 
HI(g) = 3H, (g) +3100) 


1/2 


/p°)! / du 25 1 
ме һауе | Ky- (гр) (Р, d =—=—~= 
(Cup) ——K, (837) 
Since for these reactions AV, = (), it follows that for all the reactions 
K, =K =K 


Assume that the decomposition of HNO, can be represented by the following equation 
4HNO,(g) = 4NO,(g) + 2H,0(g) + 0,(8) 


and that-at a given temperature and pressure the reaction approaches equilibrium. 
Show that if we start with pure HNO;, then at equilibrium | 


1024 (ро,)' 1 


Ko = 
> (р-7ро,) (р) 


The reaction is 

4HNO,(g) = 4NO,(g) + 2H,O(g) + О,(р) 
Its K, is 
p (Pro, у (Po) Po, | 

(Puno, Y. (py 

It is obvious from the reaction that 

Pro, ~ Apo, 

Pro 7 2po, 

Puno, 7 P - Pro, - рњо ~ Po Р - "Poy 
Thus substituting these in the above expression, we get 


_ 1024р) | 
"^ (p-Tpo (р) 


Consider the dissociation of N,O,(g) at 25 °C. Suppose one mole of N,O,(g) is confined 
in a vessel under 101.325 kPa pressure. The standard free energies of formation 
of N,O,(g) and NO,(g) are respectively 97.89 and 51.31 kJ mol”. (a) Calculate 
К? K, and K? (b) Calculate the amount of №0, dissociated. (с) If 5 mol of argo n 
are introduced and the mixture confined under 101.325 kPa total pressure, what 15 


amount of NO, dissociated? (d) If the volume of the vessel, determined by conditions 


in (a), is kept constant and 5 mol of argon are introduced, what will be the amount 
of N,O, dissociated? 
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Solution | (a) Given that 
N,0,(g) = 2NO,(g) 
^ AG) mob! 97.89 51.31 
The free energy change of the reaction is 
АС = 2AG'(NO)) - &G(N,0,) 
= (102.62 — 97.89) kJ mot! = 4.73 kJ mol! = 4 730 J mol”! 


Since AG" = – RT In КЪ, therefore 
-AG? -4730 J mor! 
2.303 КТ 2.303{8.314 J K^ mol) (298K) 
= —0.8290 
K, = 0.148 
IP {ху (p! р°)}" 
Also [s i (Po, p^) * no, (P/ p°)} 


(Dy,0,!P°) — 3o, p?) 


2 
XNo " 3 
= ——-(pl p°)= K,(p! p?) 
*N,0, 


For p = 101.325 kPa, we have 


k= f». 0M = 0.146 
* (р/р°) 1.01325 
_ yo, IY (Pwo, RT) | 


Cyo,/C° Pua, / RT с 


К, 


Qe Pio, l = K, E 
Dwo, ORT СКТ CRT 
(0.148) (100 kPa) 
(1 mol dm ?) (8.314 kPa dm ? mol! K^!) (298 К) 


f 
| 
И 
i 
| 
Í 


= 5.97 x 10” 
(b) If æ is the amount of N50, dissociated, then. 
п(№0,) = (1 mol 0) апа = n(NO,) = Qo) 
Total amount of gases = 1 mol + & 


\ 
The mole fractions are 
" | mol - & | T 2a 
№04 I mol +a КО; i mol +a 
LE d / » 
К = (Руо, 1р _ (wo, (р/р) _ Umol+a д á 
р 


бы!) жай) Пааа ор) 
1 mol * & 

_ 40 (pl p) 

(1 mol)’ - o? 


\ 
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CN ы | 
Therefore o/mol = ,|————————— - ,j——————————— = 0.187 1 
4(p/ p?) +K; 4х1.01325+0.148 


The amount of N,O, dissociated is 
а = 0.187 7 mol | 

(c) Let a’ be the amount of N,O, dissociated in the presence of 5 mol of Argon, then 
n(N,O,)=1 mol- or’ and naNO) = 2a” 

and the total amount will be 
5 mol + (1 mol +a’) = 6 mol + a’ 


Substituting these in the expression of K5, we get 


da’ i 
| ; p°) 
a a T 
P” fima), „| Gma) (mol +a’) 
к= рЫ) 
6 mol + а 


Rearranging this, we get 
(a'/mol)’ {4(р/р°) + Ко) + 5K? (a'/mol) ~ 6K7 = 0 | 
Substituting р = 101.325 kPa and K? = 0.148, we get | 
or 4.201 (0 /то!)? + 0.74 (0 mol) -0.888 = 0 | 
Solving for a’, we get 
20. 0.744. (0.74) +4 x 4.201 0.888 – 0.74+3.933 
ALS) E A EE ааа аан 
2x 4201 840 | 
-038 | 
nRT (1.1877 mol)RT | 
| 
| 


(d) Volume of the vessel, V = —— 
р 101.325 kPa 


Pressure of the system after introducing 5 mol of Argon is given as 


p- ORE _ (6moleo)RT 
V — (1187 7 mol) RT/101.325 kPa 


LA 


_ (бшо1+@”)(101.325 kPa) 
N (1.1877 mol) i 


where æ” is the new amount of N,O, dissociated. | 


Since K= a Kp _ р?) 
(1 mol — @”’)(6 mol + а”) 


Substituting the value of D in terms of œ”, we have 


К 4a”? (6 mol + a^) (101.325 kPa) 


K ee 
P”  (1mol- a") (6 mo! + 0) (1.1877 mol) (100 kPa) 


\ 


| 
rar Te 


Solution 


15. 
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a | До”? 
| (1mol- 0”)<1.172 2 mol) 

or A(or"/mol)” + 1.172 2 K? (a"/mol) - 1.172 2 Ke =0 

or  . 4(a"[molf + 0:173 5 (o"/mol) — 1.173 5 =0 (since K; = 0.148) 

Solving for æ”, we get | 


T ~0.173 5 + 4(0.173 5 - 4x 4x0.1735 _ 70.173541.675 


2x4 8 


Qa" Imo 
= 0.188 


At high temperature CO, dissociates according to the equation 
2C0,(g) = 2CO(g) + Ое) 


At 101.325 kPa pressure the percentage of oxygen at equilibrium is 2.05 x 10° at 
1 000 K and at 1 400 K is 1.27 x 107. Assuming the enthalpy change A H of the 
reaction to be independent of temperature, calculate the standard free energy change 
and the standard entropy change at 1 000 К. 


At equilibrium, we have 


2COj(g) = 2CO(g) + O,(g) 
n(1 – 20) m20) па 


Total amount of gases = n(1 - 20) + 2na + па = n(1 + о) 
— a 
Percentage of oxygen at equilibrium, x = єй х100 


Since 0 is expected to be very small, we may write x = œ x 100 or œ = x/100 
Thus, At 1 000K, а= 2.05 x 107/100 = 2.05 x 107 


At 1 400 K, @=127х 102/100 = 1.27 x 10^ 
The partial pressures of CO,, CO and O, are 


. _ п@-2@)  1-2a 
Peo, * *c0,P ~ п1+0) aT 
_ _ n(2a) 20, 
Рсо 7 XcoP ^ = 


па)” lra 


na. a 
па)? l+a 


Po, Xo 7 
Substituting these in the expression 


ы (Poo! Р?) (Bo, ! p°) 
(Фо) 


\ 


ы атал Ls SEAT LES 


оз енш елд эол, чеченнар OAM RATES YO PERNA Tg qua ——À - 


T 
WO in d 


[EE ERE 


—— E d 
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Solution 


(o! nj na Р). ig | 7 | 


„Ж. E T" nj (0 (0-20 ор? 
1+0 
` Assuming о to be 2 in comparison to 1, we get 
>= Ac (pp*) 
Thus M y =4x (2.05 x 07) (1.013 25) = 32.42 х 107 


Комо ку = 4 X (1.27 x 107? (1.013 25) = 8.30 x 107 

AG" = – RT In Ko 
= — (8.314 J K! mot") (1 000 К) x 2.303 log (32.42 x 10 7) 
= 373 095 J mol! = 373.10 KJ тог! 


К» E ЖИ ГИ 
since log faa = set " = 
am) 2308841 Т, 
aye = 230968314 IK пог!) (1000 K) (1400K) f 830x10? 
(400 K) 3242 x10?! 


= 563 482.2 J mol’ = 563.48 kJ mol’ 

A,H°-A,G° _ (56348 х10- 373.10 x 10) J mol”! 
T ! (1000 K) 

190.38 J K mol”! | 


о 


li 


16. PCI, vapour decomposes on heating according to - 


PCl(g) = PCI,(g) + Chig) 


The density of a sample of partially dissociated PCl; at 101.325 kPa and 503 K was 
found to be 4.8 g dm ^. Calculate the ds of dissociation and A,G? for the reaction 
at 503 K. 


Let œ be the degree of dissociation of РО, At equilibrium, we will have 
PCL = PCL + CL 
n(1— o) nx ~~ na 

Total amount of gases = n(1 + о) 
Now employing ideal gas equation, we get 

= n(1 + a) RT 
» К, ИНИ, 2 . Mp 

nRT (т/ Mpa )RT — pRT 


M 
Thus a= К 
pRT 


For the given value of p, we get 
— (101.325 kPa) (208.5 g mol") 
— (48gdm?)(8.314kPa dm? mol K^) (503K) - 
= 1.053 - 1 = 0.053 


1 
$ 
| 
| 
| 
| 
{ 
H 
+ 
| 


г 


2 


'as 
on 


E 
| 
| 
| 
| 


Solution 
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Now TM 
Ррс, P ML T 2 
E p) 
e d (2) 
. 1-а” р° 
Substituting a = 0.053, we get 
642 | 
Ко = os = (1013 25) = 2.854 x 10° 
1— 0.053 
AG? = =RT In K? 


= ~ (8314 J K mol) (503 K) x 2.303 x log (2.854 x 107) 
= 24 506 J mol! = 24.506 kJ mol”! 


1 


~“ 


‚ The equilibrium-pressure at 25 °C for the reaction 


CuSO, : 3H,O(s) => CuSO, - Н,О(5) + 2H,O(g) 


is 0.746 8 kPa. The standard enthalpy change at this temperature is 112.968 kJ mol *. 
(a) What is the value of К ?. 


(b) Determine whether "i reaction 1s spontaneous at 298 K and 101.325 kPa. 
(c) Calculate А 5° for the reaction. 
(d) Give a physical explanation for the result in (c). 
(e) Explain the result in (b) using the values of A,H^ and А, 5°, 
a) For the reaction 


CuSO,3H,O(s) = CuSO,H,0(s) + 2H,0(g) 
we have K = (io /p°) = (0.746 8 kPa/100 kPa)? 
= (7.468 х 10°)? = 5.577 x 10? 


(b) To predict the nature of reaction, we calculate A, G^ of the reaction 
AG^- -RT ln Kj 


= — (8314 J K” mol) (298 K) x 2.303 x log (5.577 x 107) 
= 24 270 J mol! = 24.27 kJ mol” 
Since A,G? is positive, the reaction will not be spontaneous. 
A,H?-A,G° 112.968 kJ mol”! - 24.27 KJ mol 
T (298 K) 
= 0.298 kJ KT mol! = 298 J K^ mol" 


() AS? = 


(d) Since the number of gaseous substance on the product side is larger than in the 
reactant side, the reaction as written will be attended to by a large increase in entropy. 


(e) Large positive value of change of enthalpy factor dominates over T A,S° term, and 
thus overall A,G? is positive. 


— ————————— — — RE 


Mascot 


sse 
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I 
И 
1111 
H 
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i 
T 
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|! 
| 
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Solution 


Solution 


i Dis = Җыр = усу, X 1.013 MPa = 0.170 MPa 
19 
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18. The following data for the equilibrium composition of the reaction 
2Na(g) = Na,(g) 
at 1.013 MPa pressure and | 482.53 K have been obtained. 
mass % Na (monomer gas) = 71.3 
mass % Na, (dimer gas) = 28.7 
Calculate the standard equilibrium constant К. 
At equilibrium, we have 
2Na(g) = Ма, (в) 
71.32 28.7 g 


' 3.1 mol 0.624 mol 
Total amount of species = 3.1 mol + 0.624 mol = 3.724 mol 


The partial pressures are 
: 3.1 | 
Na = — — X1.013 MPa = 0.843 MPa 
E C CY 
0.624 
3.724 


> Рма,/0° _ (170 kPa/100 kPa) 


= = 0.0239 
(Pra! p°)? (843 kPa/100 kPa)? 


. Given are the following standard free energies of formation at 298 К. 


CO(g CO,(g) HjO(g H,0() 
AGIk mol! -137.17 -394.36 -228.57 -237.13 


(a) Find Л, С” and the standard equilibrium constant Ко at 298 K for the reaction 
CO(g) + Н,О(в) <= CO,(g) + H,(g) 

(b) Find the vapour pressure of pure water at 298 K. 

(c) IfCO, CO, and H, are mixed so that the partial pressure of each is 101.325 kPa 
and the mixture is brought into contact with excess of liquid water. What will 
be the partial pressure of each gas when equilibrium is attained at 298 K. The 
volume available to the gases is constant. 

(a) A,G° = A,G'(CO,, g) + AGH, g) - A,GCO, g) - AGHO, в) 

= [- 394.36 + 0 + 137.17 + 228.57] kJ mol! 
= - 28.62 kJ mol” 


Since АС? =- КТ1п K; 
AG 3i 
therefore log К = - © аша 
2.303 КТ 2.303 (8.314ЈК mol )(298 К) 
= 5.02 
Thus ° = 1.047 x 10° 


(b) For the determination of vapour pressure of water, we consider the equilibrium 
њо = H,O(g) 


= The free energy change of the reaction is 
^ AG? = AjG'(EGO, р) - А,С°(Н,О, 1) 
(^ =— 228.57 KJ mol! + 237.13 К] mol = 8.56 kJ mol”! 


i 


П 
| 


Fa 
"p" 
| 


20. 


Solution 
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Now employing the reaction 


2o AG 
log Kk == 
Бер" 7230) RT 


_  (856х107 J mor!) 
(230583147 K7 mol) (298K) _ 
or К» = 3.16 x 10? | 

Now, since K, = Рн,оеур° the vapour pressure of water will be equal to 3.16 kPa. 


we get log K, = -1.500 


(c) Since now H,O(g) will remain in equilibrium with H,O(1), the partial vapour 
pressure of the former will be given by 
Pio = 3.16.kPa | 
At equilibrium, the partial vapour pressure of CO(g) will decrease from the given 
value of 101.325 kPa as it will combine with H,O(g) to give products. Let x be the 
decrease in the pressure of CO, then 
Poo, = Рн, = 101.325 kPa + x 
Substituting these in the expression | 
_ (рсо, / P?) (Pu, / p?) _ Росо, Рн, i 
(Pco! P?) (Pu,o/P°) рсо Pio 


a М o 
we get K= .. Q(0L32kPa*xy. л ну 
(101.325 kPa — x) (3.16 kPa) 
Aa. 2 
(1+ х/101.325 kPa) -1047 x 0 


© (1-x/101.325 kPa) (0.03119) 


or 1 + (x/101.325 kPa)’ + 2(x/101.325 kPa) = 3 266 — 3 266 (x/101.325 kPa) 
or (х/101.325 kPa)’ + 3 268 (x/101.325 kPa) - 3 265 = 0 
Solving for x/101.325 kPa, we get 


42604 толу 
AOL kee ee ee 


2 2 
x/101.325 kPa = 1 


Therefore the partial pressures of various species at equilibrium will be 
Dco, = Pg, = 202.65 kPa 
Рио = 3.16 kPa 


. Peo,Pw, _ (202.65 kPa) (202.65 kPa) 


я z =0.124 kPa 
Pu,oKp ‚ (3.16 kPa) (1.047 х10°) 


co 


A container whose volume is V contains an equilibrium mixture that consists of 
2 mol each оЁРСІ., PCL and Cl, (all as gases). The pressure is 3 bar and temperature is 
T. A certain amount of Cl,(g) is now introduced, keeping the pressure and temperature 
constant, until the equilibrium volume is 2V Calculate the amount of Cl, that was 
added and the value of КЪ. 


At equilibrium, we have 
PCL = PCL + Cb 
2 mol 2 mol 2 mol 
Total amount of gases = 6 mol 


\ 


nem eRe ee emma me 


NA 
Ip? [р° pip" 
T" po = PaP Pap) _\6 


р ; o 
BC E г P 


Substituting p = 3 bar, we get 
Keel | 
Let x be the amount of PCl, that combines when the amount y of chlorine is added 
keeping р and T constant. Thus, the amounts of PCH, Cl; and PCI; become 
(РС) = 2 mol - x 
(С) =y *2mol-x | 
п(РСІ,) = 2 mol + x 
Since the final volume after the addition of Cl, is twice the initial volume, it follows 


that the total amount of gases in 2V is 2 x 6 mol = 12 mol. Since n(PCl,) + п(РСІ,) 
is 4 mol, the total amount of chlorine is 8 mol. 


Total amount of gases = у + 6 mol - x = 12 mol 


Their pattial pressures are | 


_ 2 мо] ~ х _2mol-x " 
PR a$mob Bm 


8 mol 8 mol 


- = X 3 bar = 2 bar 
Ро, 12 шй” 12 mol 

НЧ 2 mol + x _2mol+x 
PR mob mol 


Substituting these in the expression - 


/ о Í о | 
K? = (so, (ros) (where p? = | bar) 


| 

| 

(Pec / P^) | 

Ё mol - ; | 

we get \ 4mol j — (2 т01-х)(2) _ (as ш 1) ` : 


2 mol + x (2 mol+ x) 
4 mol 


or 4 — 2 (x/mol) = 2 + (x/mol) 
or 3 (x/mol) = 2 
x/mol = : = 0.67 


Therefore, the amount of Cl, added 
| y = 6 mol + x = 6.67 mol 


\ 


| 
| 
| 
| 
| 
| 
| 
NP 


NS 


Ü) 
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E 


For the reaction 
CH4(g) = CH;() + Hyg) 


Ко is 0.05 and A,G? is 22.384 kJ mol" at 900 K. If an initial mixture comprising 
20 mol of C,H, and 80 mol of N,{inert) is passed over a dehydrogenation catalyst at 
900 K, what is the equilibrium percentage composition of the effluent gas mixture? 
The total pressure is kept at 0.5 bar. Given: AS? = 135.143 J K mol” at 300 K. 
Calculate A,G? at 300 К. (Assume AC, = 0.) 


Solution | Let x be the amount out of 20 mol of C,H, that dissociate to give C,H, and Н,. Thus, 
we have 


СН) = C,Hdg) + Нд) 
20 mol - x X Y 


Total amount of gases = 80 mol + (20 mol - x + x + x) = 100 mol + x 


/ o / о 
кшп? 4 ane } 
Thus K = + ——————————— 
P Dm 1р) 
100 mol + x disci 


_ x (pl p) 
(100 mol + x) (20 mol- x) 


(x/mol)^(p/ p?) 


{100+ (x/mol)} (20 — (x/ mol) 
Substituting the value of p and K; we have 


0.5 (x/ mol 


i eee a (where p? = 1 bar) 
2 000 — 80(x/ mol) ~ (x/mol) 


or 11(x/mol)” + 80(x/mol) ~ 2 000 = 0 
~ 80+/80? +4011) (2:000) –80+3073 2273 
(x/mol) а а 
2x11 22 22 
= 10.33 


Therefore "(CH = 20 mol – 10.33 mol = 9.67 mol 


\ n(H,) = n(C,H,) = 10.33 mol 
n(N,) = 80 mol 
Total amount of gases = 100 mol + 10.33 mol = 110.33 mol 
Amount % of C,H, = ош х100 =8.765 
110.33 mol 
Amount % of Н, and C,H, separately = О ш. х 100 =9.363 
110.33 mol 
Amount % of N, = Шш. x 100 = 72.509 


110.33 mol 
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Sinice A.C, is zero, therefore, Д.Н and A,S? will be independent of temperature, i.e. 
AH зок = Art So0K 
ASS 00K = Абук | 
Now АО = A Hg ~ (900 K) A,S$o0x 
| A Go = AH300 ~ (300 К) Asoc 
А.С%ук — A, Gg, = (600 К) A,S? = 600 х 135.143 J то! . 
= = 810858 Jmol! = 81.086 KJ mol! 
A GSoox = A, Gg + 81.086 kJ mol 
= 22.384 kJ mol’ + 81.086 kJ mol'= 103.47 kJ mol" 


22. A 2 dm’ flask maintained at 700 K contains 0.1 mol of CO and a catalyst for the 
reaction. 


''CO(g) + 2H,(g) = CH;OH(g) 


Hydrogen is introduced until the equilibrium total pressure is 7 bar at which point 0.06 
mol of methanol is formed. (a) Calculate Ко. (b) What would be the final pressure 
if the same amounts of CO and H, are used, but no catalyst is present such that no 
reaction occurs? 


Solution (a) Let y be the amount of H, that is the introduced and let the amount of methanol 
formed be equal to x. At equilibrium, we will have 


CO + 2H, = CHOH 
0.1 mol - x y-2x X 


Total amount, n = (0.1 mol - x) + (y - 2x) + x = 0.1 mol + y - 2x 
The total amount as given by the ideal gas equation is 


НК (700 kPa) (2 dm?) 


—— TL = 0.240 6 mol 
RT (8.314 kPa dm К^! mol”) (700 K) 


Amount of H, introduced = y = n – 0.1 mol + 2x 


Now it is given that x = 0.06 mol. Thus, we have 
у= 0.240 6 mol - 0.1 mol + 0.12 mol = 0.260 6 mol 


* o х (рр) 
| (Pcuon / P^) | n 
p e i 2 
/р°)(ру /p* O.lmol-x, , M y-2x, , , 
(Pool P Xpy, p^) | г) ШШ) 
n n 
006 
_ 0.2406 1796 1.722 
0.04 0.1406 .\ (1.164) (16.733) 19.581 
LI с д 
02406 — 02406 


= 0.089 6 


the 


1.06 
ше 
; no 


mol 


Solution 


23. For the reaction 
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(b) Total amount of CO and Н, if no reaction occurs 
= 0.1 mol + 0.260 6 mol = 0.360 6 mol 


The pressure corresponding to this would be 


Е 0.360 6 x 7 bar E 10.49 bar 
0.240 6 


СОе) + H,(g) = CO(g) +-H,0(g) 


К° has the value 10° at 298 K and A,S* = — 41,84 J K^ mor (A,H? and A,S° do 
not change with temperare); One mole of CO, 2 mol of H, and 3 mol of СО, are 
introduced into a 5 dm’ flask at 298 K. Calculate: (a) AG? at 298 K, (b) the equilibrium 
pressure, (c) the amount of H,O(g) present at equilibrium, and (d) K, at 373 К. 


Let x be the amount of CO, that combines at equilibrium. Thus, we have 


СО) + H@ = СО) + | Hj(g) 


3 mol—x 2 mol - x 1 mol + x x 
(а) AG? --—RTIn K, 


= - (8.314 J K^ mol) (298 K) x 2.303 log (107) 
= 28 529 J mol! = 28.529 kJ mor! 


(b) Total amount of gases = (3 mol - х) + (2 mol - x) + (1 mol + x) + x = 6 mol 


_ nRT (6 mol) (8.314 kPa dm" K mol) (298 K) 
MES (5 ёт?) 
= 2 973.09 КРа 


| 1 mol+x "a3 А 
© K= A ва 0) rt) 
(Pco, / p^X Pu, | p?) É Mi De mol - Чыр) 


6 mol mol 
_ x(1 mol + x) ... (х/шо])(1+ x/mol) 
(3mol—x)(2mol-x) (3-x/mol) (2 - x/mol) 
= 107 | 
Since K is very small, therefore, the value of x/mol is expected to be small. Thus 
K с (x/ moll) £ 
(3) (2) 
Or x/ mol = 6.0 x 10? 
(d) Л.О зк = AH — T AS 
A Googx = Д.Нзовк — T Aog 
A G3 — A Gogg = AS" (298 K - 373 К); 


(since AH? and AS? are independent 
of temperature) 


-5 


AG = A Googk = (75 K) AS" 
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7.1 


7.2 


or 


= 28 529 J mol! + (75 K) (41.84 J К! mot) 
= 31 667 J mot! = 31.667 kJ mol” 

Now since A,G° = -RT In КЪ, we get 

5 AG? 31667 J mol”! 


log K = = z = = 
Бер" 02309 RT — (2303) (83141 K mol) 373K) 


– 4.434 


Ко = 3.681 x 10° 
Alternatively, since 
AG? = AH - T AS? 
therefore, ' AHP- AG? t TAS? —- 
=28 529 J mol + (298 K) (— 41.84 J K mol) 
= 16 060.68 J mol’ 


Im, A [ 1 


iut 220985. 


Thus шр 2670 _ (1606068 J mol") | 75K 
10° (2.303) (8.314 J K! mo) (373 К) (298 K) | 
К 
log 2030 = 3 681 
Aa" 
Козлзку = 3.681 x 10? 
REVISIONARY PROBLEMS 
(a) What do you understand by the term extent of reaction? 


(b) If the reaction is carried out starting only from the reactants, show that the change in 
the amount of each component is related to its stoichiometry number by the expression 


NONEM 


where vs have negative values for reactants and positive values for products. 


(a) The change in the free energy of a chemical reaction or due to changes in 
temperature and pressure is 


dG = -S dT + V dp + X ug dag 
B 
Express this in terms of extent of reaction and show that the reaction potential A,G 
is given by 
AG = у HgVg = (96/96), Р 

(б) Derive the following conditions regarding the nature of ће reaction 

dG - AjGd$ «0 spontaneous 

dG=AGdé>0 not possible 

dG=AGdé=0 equilibrium 


“a 


7.3 


_ the system’. 


. Discuss the nature of the reaction when 


74 


7.5 
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(a) Show that the homogeneous ideal gas reactions, the reaction potential is given as 
до = дб? + RT In {11 (P5/p°)*} 


where the symbol IT stands for multiplication to be carried over all the species of the 
reaction with vgs negative for reactants and positive for products. - 


(b) Comment upon the statement that “the relative magnitudes of the A,G° term and 


the logarithm term in the equation of part @) determines the thermodynamic progress 
of the reaction’. 


(c) What do you understand by the term reaction at equilibrium? State the conditions 
when the reaction is at equilibrium? The value of € at equilibrium is known as extent 
of reaction at equilibrium, б. Can it havea value of zero or one? 


(d) Equation of part (a) can be rewritten as 
AG = AG? + RT In 0% 
where Q% is the standard reaction quotient. Answer the following: 
(i) What will be the value of A.G at equilibrium? 
(1) Q5 at equilibrium i is written as E What is the name given to Kj ? 
(e) Show that at equilibrium | 
ee 40612303 RT) 


From this relation, justify that K; of a reaction depends only on temperature and is 
independent of partial pressures of the components and that of the total pressure of 


(f) Show that the equation of part (а) can be written as 
AG = RTIn Ф 
K, 


@ 05> K, > (05> K, and (0) < К, 
For a chemical reaction at equilibrium involving only gases, derive the following 
expressions: 


(i) K = К° (RTH (i) K = K, (pps 


(ii i) K= qu 


oat n 


where K?, K, and к have their usual meanings. 

(a) What do you understand by the term ‘reaction at equilibrium’? Is it a static 
equilibrium? 

(b) Show that the reaction at equilibrium can be characterized by an equilibrium 
constant, defined as 


pid 

А 
where kę and А, are the rate constants for the forward and the backward reactions? 
Using the law ‘of mass action of Guldberg and Waage, show that the equilibrium 
constant of a reaction 


аА+ЬВ = сС+4р 
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can be written.as 
_ (cer 
[АВГ 
7.6 (a) State the principal of Le Chatelier and Braun as applicable to the chemical reactions. 
With the help of this tule predict qualitatively the effect of 
(i) changing the pressure 
(ii) changing the temperature, and 
(ш) addition of one of the components of the reaction. 


(b) The quantitative explanation of Le Chatelier principle can be provided by 


thermodynamic criterion for equilibrium with the aid of which following expression 
can be derived 


3 АН а) САУ (рТ 
Т 


‚ ӨТ p K М С pG,, 


where O^ (070/027), }, pleg: Derive these relations. 
(c) Using the relation of part (b), discuss the effects of temperature and pressure on 
the а 


3 
„МӘ +80 = МН) AH = 46.11 KI mol 


H,(g) + Са) = 2HCl(g) A H° = - 184.61 kJ тої! 
N,O,(g) = 2NO,(g) Endothermic 


Show that the above effects are consistent with the Le chatelier’s principle. 


7.7 Discuss the effect of pressure on each of the following equilibrium constants. 
КК, K, and K, 


7.8 (a) Derive the relation 
d In К, И AH? 
dT ВТ 


о 


А 
ог lı K; =- (fH +] 
RT 


Є а 
К) А 


(b) Give schematic sketches of plots between log K; ant 1/T for an endothermic and 
N an exothermic reaction. What will be their slopes? 
(c) With the relation given in part (a), derive the following conclusions. 


Kon) >K p(r) if A.H? is positive 


and К» р(т) © К pir) if ALI? is negative 
where 7, > Тр 
(d) Derive the following relation 
dink? AU? 
dT окт! 


)ns. 


by 
ion 


on 


nd 


7.9 
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Taking the typical reaction of 
1 
500) + 7 0X8) == 50у) 


discuss the effect of an inert gas on equilibrium. 


(a) Explain why it is permissible to omit the activity terms of pure solids and liquids 
while writing the К, expression for a heterogeneous reaction involving gaseous and 


` pure condensed phases. 


1,11 


7.12 


1.13 


(b) Take the following typical бео ЕЕ reaction 
А(1) = Alg) от A(s) = А(р) 

show that E: E oc VP = z 

Di R QD 1 


Taking the following typical reactions along with the data provided, NIME down the 
expressions for the equilibrium constants Ко, K, and Ке : 


() A(g + Big) = C(g + Dé) 
t=0 a b 0 0 
Att, 7 ) x ? | 

(ii) А(р) = Big) + C) 
t=0 a 0 0 
At te ? X 2 

(ш) Big) + C(g < Alg) 
t=0 a b 0 
Abt. М ? AE 

(iv) A(g = Big) + 2C(g) 
t=0 a 0 0 
At leq ? X ?. 

(v) A(g + 2B(g = g) 
t=0 a b 0 
Att, ? ? x 

(vi) Ag) + Bg) = C(g 
f=0 a b c 
At - р; ? CtX 


Discuss qualitatively the effects of pressure, volume and inert gas on the value of x. 
Are these effects consistent with the Le Chatelier's principle? 


On the basis of Le Chatelier's principle, discuss the effects of temperature, pressure 
and addition of common substance on the following typical examples: 
(i) Av, = 0; exothermic (1) Av, = 0; endothermic 
(ii) Av, = tve; exothermic (iv) Av, = +ve; endothermic 
(v) Av, = ve; exothermic (vi) Av = -ve; endothermic 
For the reaction 
N,O,(g) = 2NO;(g) 


_ (i) Derive the following relations for one mole of gaseous mixture: 


Gee = XpHD + ХММ + RT In (p/p^) 
Ag = RT (Xp In xp + xy In xy) 


where subscript D stands for dimer and M for monomer. 
\ 


452 А Textbook of Physical Chemistry 


7.14 


7.1 


сл 


71 
1.2 


13 


(i) Show that for this reaction €/mol is equal to a. 
(it) Show that Сб and АС can be ч in terms of £^ {= &/ mol) as follows: 
G [mol = a + Qus - up) & + [1 + E] RT In (р/р) 
zt AG E * [1 + £'] RT In (prp?) 
Agi Ghnol = RT [(1 — £^) In (1 - E) + 26’ In QE) - (1 + E) In (1 £/)] 
(iv) Tf u$ = 97.89 К) mol, u$ = 51.31 kJ mol! and AG? = 4.73 kJ mol’. 


Calculate the values of G pure: Д.С and Сш for the following values of б’ and then 
plot these against £’. 


& = 0.0, 0.1, 0.15, 0.2, 0.4, 0.6, 0.8, 1.0 
(v) Show that at equilibrium Аб decreases as rapidly of Gure increases, i.e. 


m 
06 jr, 05 my 


(vi) Show that 


eJ os EE x2 
\ o6 Тр дё Тр 


before equilibrium 


e Z2) 
06 р \ 9 л, 


beyond equilibrium. 


Consider the reaction 
H,(g) + L(g) = 2HI(g) 


(a) If there are one mole of H,, one mole of 1, and zero mole of HI present before 


the reaction advanced, express the free energy of the reaction in terms of extent 
of reaction é. 


(b) What form would the expression for the G have if the iodine were present as 
solid? . 

Define the term standard free energy of formation of a compound. What reference 

is chosen in defining the standard free energy of formation of ions? Explain, how 


with the help of standard free energies of formation, A,G° of a given reaction can be 
calculated. 


‚ Explain: 


(1) Why is the synthesis of NH, preferably carried out at low temperature and high 
pressure? 


(ii) Why is the manufacture of O, carried out at high temperature and high pressure? 


TRY YOURSELF PROBLEMS 


What is the effect of a catalyst on the A,G? of a chemical reaction? 


Prove that for a chemical reaction 
; А,$° $° ДН H? 
In К° = Е ЕА ES and A,G--T AS universe 


The reaction 


ЖЕМЕ. 
5 Nate) T 79208) = NH;(g) 


Thermodynamics of Chemical Reactions 453 


was started with initial amounts as | 
"(N, в) = 1 mol; mH,g)-2mol; and (NH, g)- 0.5 mol. 
What would be the extent of reaction at the stage when 
(а) nN, р) = 0.5 mol, (b) aŒ, g) = 1.2 mol, and (c) n(NH,, g) = 1.0 mol? 
. (Ans. (a) 1 mol, (Б) 0.533 mol and (c) 0.5 то) | 
7.4 Suppose the reaction N,O,(g) = 2NO,(g) is started with initial amounts as | 
N,0,g) =n and NOg) =n! | 


Show that the extent of the reaction is related to the degree of dissociation through 
the relation 


б = по 
and hence show that ifm = 1 mol then б / mol = 


7.5 The maximum percentage yield of SO, obtained A the reaction of 30, and О, is 
greater at 25 °C than at 250 °C. Predict the sign of Д.Н. 


7.6 The free energy of a reaction at progress may be taken as a function of T, p and ё, | 


that is 
G = f(T, p, $) | 
Show that 
(a) dG =-SdT+Vdp+ AG d£ | 
dA - - S dT - p dV AG d£ 
dH = TdS + Vdp * AG d£ 
dU = T d$- p dV + AG dé 


30) (à) (ән\ (әс | 

„© 48149, -8 | 

Wry \9%ту NOS Jg, NOS sy | 

| oH | 

e ggg | 
MT Jpg AOT Jy OP Jre др SE D 

| 

$m me | 

We Vile Spe VS Ire | 

NUMERICAL PROBLEMS | 

Equilibrium 7.1 (a) For ozone at 298 K A,G° = 163.43 kJ mol, compute the standard equilibrium | 
Constant constant Ко for the reaction P 


30,(g) = 20;(g) 


(b) The above reaction is studied starting from 3 mol of O, at 298 K. Assuming that 
‚ the advancement at equilibrium is very much less than unity, show that 


3 | 39 
$ = 54Р, | | (Ans. 2.35 x 107) 


7.2 0.1 mol of H, and 0.2 mol of CO, are introduced in an evacuated flask at 723 K and 
the following reaction occurs to give an equilibrium pressure of 50.662 5 kPa. 
H,(g) + CO,(g) = H,O(g) + COC) EU 
Analysis of the mixture shows that it contains 10 mol % of H,0. 


A mixture of CoO(s) and Co(s) is then introduced such that the additional equilibria 
(2) and (3) are established 


CoO(s) + (в) = Co(s) + H,O(g) (2) 


ә 
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7.5 


7.6 


doh 


7.8 


CoO(s) + CO(g) <= Co(s) + CO,(g) (3) 


Analysis of the new equilibrium mixture thus obtained is found to contain 30 mole 
% of Н,О. 
Calculate the three standard equilibrium constants К, К, and К. for the reaction 
(1), (2) and (3), respectively. (Ans. 0 075 63, 9, 119.048) 
Consider the equilibrium | | | 

2NO(g)+ Ch(g) => 2NOCI(g) 


At 298 K for NOCI(g), AG? = 66.358 kJ mol’. The A,G? for NO(g) is 86.688 kJ 
mol”. If NO and Cl, are mange in the molar ratio 2 : 1 show that at equilibrium 


1/3 | TaT 
Хо za and Xyoc =1->| —7— 
\pKk 2| pK 


p 
Assume that uoc = = 1. Note how each one of these quantities depeis on pressure, 
Evaluate Хумо at 101.325 kPa and 1 013.25 kPa. (Ans. 5.3 x 1,24 x 107) 
For the reaction: 


MnCO,(s) => MnO(s) + CO,(g) 


Д.С°/КЈ mol ! = 115.729 — 0.059 2 (TÆ) log (T/K) | 
determine the temperature at which the dissoiciation pressure of CO,(g) will be 
50.662 5 kPa. | (Ans. 668.85 K) 
Calculate the equilibrium pressure of oxygen over CuO and Cu at 25 °C. Given 

A,G°(CuO) = -127.2 kJ mor". (Ans. 2.62 x 10 7 kPa) 


In the reaction XY, = X * 2Y, all the three substance are ideal gases. A 10.0 dm? 
flask contains initially 0.40 mol of ХҮ,. A catalyst for dissociation is then introduced 
and when the equilibrium is attained, the pressure of the mixture is 121.59 kPa. The 
temperature is 300 K. Find the standard equilibrium constant for the given reaction. 

(Ans. 0.005 79) 
For the reaction 


Н,(а) + (р) = 2Hl(g) 


K, = 54.8 at 417 °C. (a) When a mixture initially containing 8 mol of HI, 2 mol 
of H, and 0.5 mol of I, is heated to 417 °C, will more HI be formed? (b) What is 
the maximum amount of HI that can be formed when 1 g of H, and 100 g of I, are 
heated to 417 °C in a 2 dm’ flask? (c) A mixture of | mol each of H,, І, and HI was 
brought to equilibrium at 417 °C. What was the composition of the system? 

(Ans. (a) no more HI formation, but some HI will decompose; 


(b) 0.681 6 mol; 
(с) n(H,) = 0.319 mol, n(L) = 0.319 mol, n(Hl) = 2.362 mol) 


Consider the reaction for manufacture of NO from NH, 
4NH,(g) + 50,(g) = 4NO(g) + 6H,O(g) + heat 


Suppose 4 mol of NH, and 5 mol of О, are mixed at 773 K and 1.013 MPa pressure 

and equilibrium is attained. ` 

(a) Explain whether this much information is sufficient for the calculation of 
concentrations of all species. 

(b) Discuss the change in relative amounts that would follow if temperature is raised 
while pressure is constant. | 

(c) What change in relative amounts will take place if pressure is decreased to 

0.101 3 MPa keeping T constant? | 


v 3a. 
ai qu 
Fp —— ——à 


————— n 


ле. 


r) 
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(d) How will the value of K, for the n at 773 K compare with that of К, 
at 873 K? 


(e) . How will the value of E at 1.013 MPa compare with the value of K, at 
0.101 3 MPa. 


(Ans. (a) Since K, is not known, equilibrium concentrations cannot be 
determined, 


{b) equilibrium will be shifted to left, 
{c) equilibrium will be shifted to right, 
(d) In (Kher) /Kpane) = (100 К) А,Н°/ {R(773 К) (873 K)} 

| (е) remains same) 

7.9 It is required to pass CO and H,O vapour at 1 013 MPa and 0.506 5 MPa, respectively, 
into a reaction chamber at 973 K and to withdraw CO, and H, at partial pressures of 
1.595 MPa. Is this theoretically possible? Ky for the reaction 

CO(g) + H;O(g) = CO,(g) + H,(g) 
is 0.71. | 
7.10 A chemist claims that the following reaction occurs at 298 К 


SEQ(g) + 8HI(g) = H,S(g) + 6HF(g) + 41,6) 


Is it thermodynamically possible? Given | 
A, GSE, в) = -991.608 kJ mol; — AG*(EGS, р) = -33.012 kJ mot” 
A,G*(HI, g) = 1.297 kJ mol"; A, G°(HE, р) = 270.73 kJ mol’ 
7.11 The AG? of CCI(L) is – 68.618 kJ mol, Is it thermodynamically possible to prepare 
CCI,(1) from C(s) and Cl,(g) at 298 K? Are there any conditions assumed in your 
answer? 


7.12 A chemist wants to find a catalyst for the formation NO at 101.325 kPa from О, and 
N, at room temperature. Is this possible? 


7.13 it is possible to prepare essentially pure НСІ by combination of elements. This is not 
so for HI. Explain how you would arrive at this conclusion thermodynamically. 


7.14 For the reaction 
FeCl(g) = FeCl(g) + 5 Clg) 


Ке is 14 x 10 at 1473 K and 1.2 x 107 at 1773 K. Calculate AF? and A,S° for 
the reaction at 1 773 K and 101.325 kPa. (Let initially the amount of FeCl, be one 
mole and those of Cl; and FeCl, be zero.) 


7.15 Consider the reaction 
Ag,O(s) = 2Ag(s) + 0,(g) 
for which 
А.С) mol! = 32 384 + 17.32(7 /K) log (T /K) -116.48(T /K) 
(i) At what temperature will the equilibrium pressure of О, be 101.325 kPa? 
(ii) Express log Ко A,H? and A,S° as a function of temperature 
[Ans. (1) 460 K 
(ii) log К =- (7 071 K/T) - 3.778 log (T /K) + 25.48; 
А.Н J mol! = 32 384 — 7.531 (T K) 
AST К”! mol” = 108.95 — 17.32 log (T /K)] 


LN 
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7.16 The following table gives the standard Gibbs free energy of formation of Cl(g) at 


117 


7.18 


three temperatures 


TK AG? КТ. mol! 
100 115.19 

1000 | 62.19 

3000 2. 2564 


(a) For the reaction 5 Cl,(g) = Cl(g), determine the standard equilibrium constant 
K, at each of these temperatures. Determine the mean А.Н and then find A,$? 
at ети of these temperatures. 


(0) Atl 700 K and 111.46 kPa, one gram of chlorine occupies 19.6 a What are 
К° K, and K? for the following reaction? 


t Cl(g) = Cie) 


Assume ideal gas behaviour. 


(c) At 1 600K, the degree of dissociation of chlorine is 0.071 at 101.325 kPa. What 
are K^, K, and К° for the following reaction? 


Се) = 2Cl(g) 


Assume ideal gas behaviour 
(a) The equilibrium constant for the dissociation 


2H,S(g) = 2H,(g) + S,(g) 


isk, = 0.0118 at 1338 K while the enthalpy of dissociation is AH? = 177.40 kJ 
mol! Find the standard equilibrium constant of the reaction at 1 200 K. 
(Ans. 0.050 7) 


(b) Ifthe degree of dissociation of the reaction of part (a) at 1 023 K and 101 
kPa is 0.055, calculate Ко of the reaction. What will be the effect of (1) increase 
in pressure, and (ii) the addition of an inert gas in the reaction mixture? 


(Ans. 0.009 186) 


For the reaction 
H,(g) + L(g) = 2Hl(g) 


К? = 50.0 at 721 K and К° = 669 at 623 K. Find A,U? and AH? of the reaction 
(Ans. 98.84 kJ mol”, 98.84 kJ mol”) 
The standard equilibrium constant for the reaction 


Ba^-Y* = Bay^ 


(where H,Y represents ethylendiamine tetraacetic acid) 


is 1059 at 0 °C and 107 at 30 °C Calculate the enthalpy change and the entropy 
change for the reaction. Assume AH” to be independent of temperature 


(Ans. -17.422 kJ mol, 89.55 ЈК mol) 


г) at 


| I 
| NT ES ч 
Annexure Chemical Equilibrium in an Ideal 


Solution 
| 
stant | | 
AS? | | An ideal solution is defined as the one whose constituents follow Raoult's law 
E {Pp = Xp Pp) in the entire range of concentration. The expression for the chemical 
: аге potential of constituents in an ideal solution can be obtained as follows. 
Thermodynamic criterion of equilibrium for a constituent in solution and 
| vapour phase is 
HB(soln) = HB(vap) (1) 
а! | If the vapour is assumed to be ideal, we write: | 
lB(vap) Ж ИВ (уар) + RT (рв/ p°) ; (2) 
where p° is the standard-state unit pressure. With this, Eq. (1) becomes 
| Lp(soln) ^ HB (кар) + RT In (рв/р°) (3) 
Making use of the Raoult’s law, we have 
) KJ | 
| HB(soln) = [rom + RT In(pg / p) + RT In хр | 
) | 5 
? = ці (y * RT In xg | (4) | 
325 | i 
sake | where ИВ) is the chemical potential of the pure constituent B in liquid phase. The | 
general condition of chemical equilibrium is i 
| AG = Xp vits = 0 (5) 
| where vs are the stoichiometric coefficients which carry positive and negative signs 
| | for the products and reactants, respectively. Substitution of Eq. (4) in Eq. (5) gives 
е | 
1. | 
| О Ув УВИВ() --RT ÈB VB In (XB)eq = ~—RT In П (Xp | = () | 
or — AG --RTin K, бб J 
opy ME | | 
| The above treatment may be extended to ideal dilute solution where the 
ГЇ) < following expressions hold good. 


Solvent (Raoult’s law); ру = хур! (8) 


\ 


| 
| Solute (Henry’s law) ; pg = Xgkg в (9) 
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Equilibrium 
Constant in terms 
of Molarities 


where ky p is the Henry’s law constant for the ith species in the solution. t Equation 


A still holds good for an equilibrium каш involving solutes in in an ideal dilute 


solution with the’ following expression of u 0). 


LN HB (vap) + RT In (ky в/р° ) E s (10) 
The term Ив) will be equal to the chemical potential of the solute B at xy = 1 if 
Нету” law is applicable over the entire range from xp = 0 to xp = 1. 


Quite often, the equilibrium constant is written in terms of molarities 
(or molalities) of the constituents of reaction at equilibrium. The thermodynamic 
relations involving these concentration terms can be derived as follows. 


If n, and ng are the amounts of solvent and the solute B present in the solution, then 


jc nd E "В (11) 
i= a Lb. 
i n+ Ув т : nM, 


For a dilute solution where X ng << т, we have 


n 
gb 
due = mg M, 


| (12) 
With this, Eq. (6) becomes | | 
Bava (Hio + RT (тм), {| m 
M, ‘ 
d mol B\ mol kg” T 
or AG^? - - RT In Ко (13) 
If ср is ће molarity (i.e. amount of substance concentration), then 
ОВС Врт. ивр . 
* V (Рр) Mo, MyM, + Xp ngM 
For a dilute solution where Ув ngMg << т М), we have 
"tgp p 
—-———-Xg— OF Хр Ср — (14 
BM, Xp М Xp = Ср ) 
With this, Eq. (6) becomes 
Dare | aay + RT (М 1p) | = 0 
/p C ü 
or Xp vgl Шу + RT In | = - КТ 51] В 
à To "M RS ? mor! | В F dm” ш 
or AG^ =-RT In K? | | (15) 


Т See Section 4.3 of Volume 3. 


\ 
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Properties 


Substance 


NaCi(s) 
NaBr(s) 
Nal(s) 
Na,CO,(s) 
NaHCO,(s) 
Na,SO4s) 
NaOH(s) 
KCl(s) 
KBr(s) 
Kl(s) 


` KMn0,(s) 
K5CrO-(s) : 


КОҢ). 
MgO(s) 


MgCO;(s) | 


MgCl,(s) 
Mg(OH),(s) 
CaO(s) 
Ca(OH),(s) 
CaC,(s) 


CaCO,(calcite) 


BaCO,(s) 
BaO(s) 


Fe,0;(s, haematite) 
Fe;0,, (s, magnetite) 


FeS(s, a) 
FeS,(s) 
ZnO(s) 
CuO(s) 
CuSO,(s) 


CuSO,- H5O(s) 
CuSO,-5H,0(s) 


CuS(s) 


EV 


AG S° 
kJ mol”! kKImol! ЈК mol! 
Inorganic Compounds 
-411.15 —384.14 72.13 
-361.06 -348.98 86.82 
-287.78 —286:06 98.53 
-1130.68 ~1044.44 134.98 
-950.81 -851.0 101.7 
1387.08 1270.16 149.58 
-425.61 -379.49 64.46 
436.75 409.14 82.59 
-393.80 -380.66 95.90 
-327.90 -324.89 106.32 
-837.2 -1371.6 171.71 
-2061.5 ~1881.6 291.2 
-424.76 -379.08 18.9 
601.70 -569.43 26.94 
—1095.8 —1012.1 ‚ 65.7 
-641.32 -591.79 89.62 
-924.54 -833.51 63.18 
—635:09 -604.03 39.75 
-986.09 898.49 83.39 
-59.8 -64.9 69.96 
-1206:92 -1128.79 92.9 
-1216.3 -1137.6 112.1 
-553.5 -525.1 70.42 
-824.2 -742.2 87.40 
-1118.4 -1015.4 146.4 
-100.0 -100.4 60.29 
-178.2 -166.9 52.93 
348.28 -318.30 43.64 
-157.3 -129.7 42.63 
-771.36 —661.8 109 
-1085.8 -918.11 146.0 
-2219.7 -1879.7 300.4 
-53.1 -53.6 66.5 


Appendix I Values of Thermodynamic 


SELECTED VALUES OF THERMODYNAMIC PROPERTIES AT 298.15 K AND 1 BAR 


p,m 


JKT mot! 


50.50 
51.38 
52.09 


11230 


87.61 


‚ 128.20 


59.54 
51.30 
52.30 
52.93 
117.57 
219.24 
64.9 
37.15 
75.52 
71.38 
77.03 
42.80 
87.49 
62.72 
81.88 
85.35 
47.78 
103.85 
143.43 
50.54 
62.17 
40.25 
42.30 
100.0 
134 
260 
47.82 


(Contd... 
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Substance 


AgCKs) 
AgNO,(s) | 
PbO(s, red) 
PbO(s, yellow) 
PbO,(s) 
Pb;0,(s) 
Al,0,(s. a) 
SiO, (s, a) 
CdO(s) 


- CáSO,.85 H,0(s) 


HgO(s) 


Hg,C1,(s) 
$n0(s) 


S(monoclinic) 
SOx(g) 
SOs(g) 
H5S(g) 
NO(g) 
NO,(g) 
N,O(g) 
№О4(1) 
N,0,(g) 
N;Os(s) 
№050) 
NH,(g) 
NoH,() 
NH3NO;(s) 
NH,C\(s) 
PCI3(g) 


PCIs(g) 
C(diamond) 


AH? 
Es mol! 


-127.07 
-124.39 
` -218.99 
-217.32 
-2774 
-718.4 
-1675.7 
-910.94 


AG? 
kJ mol! 


-109.79 
-3341 
-188.93 
-187.89 
-217.33 
-601.2 
-1582.3 
-856.64 


59 


ЈК" оГ 


151.34 


С 


ЈК mol" 


| ie Ad A,G? 5° 
VORNE kml! — kimi! TK mol! 
| Organic Compounds 
| СН) .- -1481 -50.72 186.26 
| СН) 226.73 209.20 200.94 
С›Н, (д). 52.26 68.15. 21956 
CoH Ag) -84.68 -32.82 229.60 
| HCHO(g)  -. -117 -113 91.2 
| CH;OH(]) -238.66 |. -166.27 126.8 
| CH,CHO() .-19238 -12812 160.2 
CH,CO,H() = 484.5 -389.46 178.7 
| C;H,OH(]) -277.69 | -17478 160.7 
| GH, (g). -103.89 -23.38 270.02 
| СН) 2115 1703 310.23 
Cds (g) -82.93 129.72 269.31 
| Tons in Solutions 
| OH -229.99  -157.24 -10.75 
| F -332.63 -278.19 -13.8 
| Or. u -167.16 - -131.23 56.5 
| Bro 121.55 -103.96 82.4 
| Г -55.19 -51.57 111.3 
s% 33.1 85.8 -14.6 
| HS” -17.6 -12.08 62.8 
| 502 -90027 744.53 2.01 
| МО; -205.0 108.74 146.4 
| NH; -13251 -79.31 113.4 
| со 677.14 527.81 -56.9 
| HCO; 691.99 -586.77 912 
| CN. 150.6 1724 94.1 
| Br0; -616 18.60 161.71 
EE I0; 0213 -128.0 118.4 
о MnO; -541.4 -447.2 191.2 
е \ Мао -653 -500.7 59 
* Zn -153.89 © -14706 . -1121 
Cut 64.77 65.49 -99.6 
| Ag' 105.58 71.11 72.6 
Fe" -89.1 -78.90 -137.7 
Fe" oc 48.5 -4.7 -315.9 
Mg” -466.85 -454.8 -138.1 
Di -278.49 -293.31 13.4 
Na’ -240.12 -261.91 59.0 


К -252.38 -283.87 | 1025 
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AH? AG? 5° C 


р kJ mol’ kJ mol JK” mor! a 
Сг | -1999.1 | 
Gaseous Atoms 

H 217.97 203.25 114.71 20.78 i 

О 249.17 — 23173. 161.06 21.91 

F | 78.99 61.91 158.75 22.74 

Cl 121.68 105.68 16520 21.84 

Br | 11188 — 8240 175.02 20.79 

I 106.84 7025 180.79 20.79 
i S 278.81 238.25 167.82 23.67 
i N 472.70 455.56 153.30 20.79 
i С 716.68 671.26 158.10 20.84 
Ti l | Elements iri their Stable States of Aggregation 
| H,(g) tok 0 0 130.68 28.82 
| О) 0 0 205.14 29.36 
| F,(g) 0 0 202.78 31.30 5 
| : Clg) 0 0 223.01 33.91 | 
: Вг.) 0 0 152.23 75.69 | 
| L(s) 0 0 116.14 54.44 | 
| S(rhombic) 0 0 31.80 22.64 
| №) 0 0 191.61 29.13 
|| C(graphite) 0 0 5.74 8.53 
| Al(s) 0 0 28.33 2435 
3 Zn(s) 0 0 41.63 25.40 
| Cu(s) 0 0 33.15 2443 
1 Ag(s) 0 0 42.55 25.35 
| Fe(s) 0 0 27.28 25.10 
| Мо) 0 0 32.68 2489 
il Li(s) 0 0 29.12 24.77 
MEE | Na(s) 0 0 51.21 28.24 | 
| K(s) 0 0 64.18 29.58 i 


Ef 
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ENTHALPY OF FORMATION OF SOLUTESAND SOLUTIONS AT 298.15 KAND 1 BARPRESSU RE 


| 


: kJ mor! 
NaOH(s) | s we чс 24058] 
| in 100 H,O —469.65 
in 200 H,O О —469.61 
| ° H,O -470.11 
NaCl(s) | | -411.15 
| ‘in 100 H,O 407.07 
in 200 H,O -406.92 
~ H,O 20121 
КОҢ). -424Л6 
in 100 H,O -481.64 
| in 200 H,O -481.74 
| | ~ HO -482.37 
| KCl(s) -436.75 
in 100 H,O -419.32 
| in 200 H,O -419.19 
М о H,O 419.53 
HCi(g) ~~ ! |... 29231 
in 100 H,O -165.93 
in 200 H,O -166.27 
| К, -167.16 
| APPROXIMATE BOND ENTHALPIES (IN kJ mol!) AT 298.15 K 
| | H C N о F q Br I S Si 
| H— 436 40 388 463 565 431 366 299 338 
| p. 348 484 338 276 238 259 
| c= 612 
| N— 305 163 270 200 
| ` N= 613 409 
| N= 890 45 
| 0— 360 146 185 203 
| 0= 743 497 
| F— 565 155 
CI- 43 254(242) 
| Br— 366 219 193 
I- 99 210 178 151 


" Ms p 


= 250 212 264 
Si— 176 
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MOLAR HEAT CAPACITIES OF GASES AT CONSTANT PRESSURE AS A FUNCTION OF 
TEMPERATURE (298 K TO 1 000 K) 


] | Cp, mid К" mol! = a + b (TIK) + c(TIK)? 


" - 
M qmm ime mese eror ctl 
» i 


| Gas | ‚=й c Е cx 10° 
| H, 28.166 2.3372 -0.29816 


29.295 
29.648 
28.993 
22299 
39.074 
19.408 

73138 
7.3230 

-21.867 
17.173 
29.698 
29.190 
29.712 
25.036 
25.627 
36.208 


-2.2634 


9.55 


-0.80728 


57.303 


. -17.586 


55.349 
138.07 
167.59 
422.69 

97.03 

-3.5048 

19.249 

-1.1792 

45.550 

34.821 
160.98 


5.6649 
-1.328 
5.0568 
-25.294 
19.870 
-2.9618 
-51.482 
-52.194 
184.95 
-24.754 
5.4351 
-11.001 
5.4541 
-18.420 
-3.9571 
-77.984 
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CGS UNITS VIS-A-VIS UNITS 


Appendix II | Units and Conversion Factors 


awe 


g CGS units SI units 
Physical quantity 
i | Name Symbol . Name Symbol 
Length -centimetre cm metre m 
| Angstrom (10° cm) А 
mass gram g kilogram Ке 
| time second $ second S 
| paren М 
| temperature | | kelvin K 
| kelvin °K | 
| energy calorie cal joule J 
kilocalorie kcal kilojoule kJ 
litre-atmosphere L-atm 
ergs erg 
7 electric current ampere А ampere А 
UNITS DERIVED FROM THE BASIC SI UNITS 
Physical quantity . Name of unit Symbol and definition 
fore ^" newton - N-kgm огу! 
energy joue |. J-kgm^s?orNm 
! electric charge coulomb C=As 
| potential difference volt V-kgm^ s? At orJA ! s! 
resistance ohm Q-kg m^ s? A? orV A^! 
frequency hertz = cycle рег second Hz= 5! 
агеа square metre m? 
| volume cubic metre m! 
| density kilogram per cubic metre Kg m? 
| velocity metre per second ms? 
| angular velocity radian per second rad s! 
| acceleration metre per (second)” ms? 
| pressure newton per square metre Ра = N m? 
or pascal 
conductivity siemen S=Q! 
magnetic field tesla T-2Wbm?-Vsm? 
electric capacitance farad F=C l'a 
magnetic flux weber Wb=Vs 
inductance henry H-WbA! 


Lum 
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CONVERSION OF CGS UNITS TO SI UNITS 


.: Equivalent®. — 


‘Quantity © Unit 
length À 10 mz 107 nm = 10? pm 
volume litre 10? m = 1 dm? 
force dyne 10°N 
energy erg 1077] 
cal 4.1848] 
eV 1.602 1x 10] 
| eV/mole 98.484 kJ mol! 
pressure atmosphere 101.325 kN m? 
mmHg (or Torr) 133.322 N m? 
bar (10° dyn/cm’) 10° N m”? 
viscosity poise . 


* Symbols used for fractions and multiples are 


Fraction Prefix Symbol | 


10" deci d 
1077 centi C 
1077 milli m 
10% micro u 
10? = nano n 
1o? pico | p 
{072 femto f 


Constant 

Acceleration of gravity, g 
Avogadro constant, N4 
Bohr magneton 

Bohr radius, ag 
Boltzmann constant, k 
Elementary charge, e 
Electronic rest mass, m, 
Faraday constant, F 

Gas constant, R 


Molar volume of ideal gas 
at 0 °C and | atm, У, 
Planck's constant, h 
Proton rest mass, т, 
Vacuum speed of light, co 


Standard atmospheric pressure 


TR kgm! s7! 


Multiple Рејх Symbol 


VALUES OF SOME PHYSICO-CHEMICAL CONSTANTS 


10 deka da 
10° 2 hecto h 
10° kilo k 
10° mega M 
10 giga G 
10" fera T 
107 peta P 

SI units 

9.806 65 m s? 

6.022 05 x 10? mor! 


9.274 09 x 107^ A т? 
529177 x 10 m 

138066 x 10? J K! 
1.60219 x 10? C 

9.109 53 x 10?! kg 

9.648 46 x 10* C тог! 
8.205 75 x 107 dm? atm К! mol”! 
831441 JK! mot! 
831441 Pa m? К”! mot! 
8.31441 kPa dm? К^! mol! 
8.314 41 MPa cm? K^! тог! 


2.241 4 x 107 m? mol! 
6.626 18x 1024 I s 

1.672 65 107?! kg 

2.991925 x 10° ms 
101.325 N m? = 101.325 kPa 


5 


рос 


——— 


Index 


Additivity rule, 349 Adiabatic 
process, 3 — 
flame temperature, 152 
Adiabatic volume change of 
' an ideal gas, 80. 
"^ avan der Waals gas, 95 
Apparent molar volume, 330 . 


Barometric formula, 321 


Boltzmann equation 
for entropy, 232 
Bomb calorimetre, 130 
Bond dissociation enthalpy, 139 
Bond enthalpy, 139 
Born Haber Cycle, 126 
Boundary, 2 
Bridgman formulae, 308 


Calorie, 1 
Carnot cycle, 163 
Charles law, 49, 50 
Chemical equilibrium 

in gases, 375 

in ideal solutions, 465 

involving condensed phases, 379 
Chemical potential, 341 
ofan ideal gas, 345 
Change in state 

adiabatic, 3 

at constant pressure, 3 

at constant volume, 3 
Classical thermodynamics, 1 
Clausius inequality, 181 
Closed systems, 2 
Coefficient of 

compressibility, 24 
‘performance, 168 

thermal expansion, 24 
Compression process, 30 


Criterion of chemical reaction 
at equilibrium, 375 
nonspontaneous, 374 
spontaneous, 374 
Cross-derivative rule, 4 
Cyclic integral, 11 Cyclic process, 3 
Cyclic rule, 6 | 


Definition of 
boundary, 2 
closed system, 2 
enthalpy function, 52 . 
entropy function, 178 . 
extensive variable, 3 . 
fugacity, 278 
Gibbs free energy, 259 
Helmholtz free energy, 258 
intensive variable, 3 
isolated system, 2 
opensystem, 2 
partial molar quantities, 326 
state variables, 2 
surroundings, 2 
Derivatives 
First, 4 
Partial, 3 
Second, 4 
Total, 4 
Degree of dissociation, 414 
from density measurement, 424 
from pressure measurement, 424 
Differential 
enthalpy of dilution, 133 
enthalpy of solution, 133 
exact, 12 
inexact, 12 
partial, 3 
total, 4 
Dissociation of 
dinitrogen tetroxide, 424 
water, 418 
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Effect on equilibrium of 
pressure, 386 
inert gas, 396 © 
temperature 387 
Efficiency, heat engine, 166 
Endergonic reaction, 263 
Endothermic reaction, 121 - 
Energy, 47 
Lattice, 126 
temperature variation, 50 
Enthalpy, 52 . 
standard, 118 
temperature variation, 53. 
Enthalpy of 
combustion, 128 
dilution, 132 
formation, 122 
formation of ions, 137 
hydration, 134 
ionization, 136 
neutralization, 135 
precipitation, 137 
reaction, 119 
solution, 131 
transition, 137 
Entropy 
and disorderlines, 209 
and probability, 229 
characteristics of 184 
function, 178 
of mixing, 356 
of system, 181 
of surroundings, 181 
of universe, 183 
residual, 235 
standard state of, 208 
temperature and volume depen- 
dence, 185 
temperature and pressure depen- 
dence, 19] 
third law, 221 
Entropy changes 
for an ideal gas, 199 
ш expansion of an ideal gas, 209 
in isobaric volume change, 192 


in isothermal volume change, 187 


in a reversible phase transforma- 
tion, 215 


in an irreversible phase transforma- 


tion, 215 

їп а chemical reaction, 224 
Equation of state | 

thermodynamic, 187, 193, 301 
Equilibrium 

chemical, 375 

criteria for, 256 

constant К, 384 

constant K,, 385 

constant K, 376 


* сопа К, 385 


dynamic, 380 
stability, 259 
Equilibrium constant 
pressure dependence of, 388 
temperature dependence of, 389 
Escaping tendency, 341 
Euler’s reciprocity relation, 4, 13 
Euler’s theorem for homogeneous 
functions, 28 
Exact differential, 12 
Exergonic reaction, 263 
Exothermic reaction, 120 


- Expansion 


adiabatic, 80,95 
free, 78 
involving an ideal gas, 76 


involving a van der Waals gas, 90 


irreversible, 78,84, 94, 97 
isothermal, 76 
multistage, 33 
reversible, 77, 81, 88, 90, 95 
single-stage, 32 — 
Extensive variable, 3 
Extent of reaction, 119, 373 


First law of thermodynamics, 46 
Free energy 
change ofa reaction, 262 
Gibbs, . 259 
Helmholtz, 258 


187 


90 


of formation, 268 
of mixing of ideal gases, 356 
partial molar, 326 


_ pressure dependence of, 274 


standard, 276 

standard tables of, 459 

temperature dependence 

of, 286 | 

First law of themodynamics, 46 
Fugacity, 278 

‚ coefficient, 278 
Function : 

energy, 47 enthalpy, 52 
entropy, 178 


free energy, 259 fugacity, 278 


homogeneous, 28 thermody- 
namic, 17 


Gibbs paradox 371 
Gibbs-Duhem equation, 355 
Gibbs-Helmholtz equation, 286 
Gibbs valley, 406 

Green’s theorem, 11 


Heat capacity at constant vol- 
ume, 51,58 
at.constant pressure, 51, 58 
table of values, 459, 464 
Heat capacity difference, 58 
expressions, 58 
for an ideal gas, 59 
for an van der Waals gas, 59 
Helmholtz free energy, 258, 271 
Henry’s law, 465 
Hess’s law, 124 
Homogeneous 
ideal gas reactions, 375, 412 
functions, 28 
Ideal solution, 327 
Inexact differentials, 12 
Integral 
enthalpy of solution, 131 
‚ enthalpy of dilution, 132 
. graphical interpretation of, 9 
cyclic, 12 
indefinite, 10 
ordinary 9 
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Integrating factor, 20 


Integration 
cyclic, 12 
ordinary, 9 


Intensive.variable, 3, 28 
Inversion temperature, 71 
Irreversible process, 37 
Isobaric process, 3. 
Isochoric process, 3 
Isolated system, 3 
Isothermal volume change of 

anidealgas, 76 

a van der Waals gas, 90 
Isothermal process, 3 


Joule’s 
coefficient, 63 
experiment, 62 
Joule-Thomson coefficient, 65 
for an ideal gas, 67 


for a van der Waals gas, 67, 70 


Joule-Thomson experiment, 65 


Kelvin temperature scale, 173 
Kirchhoff’s relation, 148 


Law of conservation of energy, 47 
Law of mass actin, 380 

Lattice energy, 126 

Le Chatelier’s principle, 386 
Legendre Transformations, 21 
Line integral, 10 


Maxwell telations, 297 
Mechanical equivalent of heat, 1 


Nernst heat theorem, 319 
Open system, 2 


Partial derivatives, 3 
Partial molar quantity, 326, 343 
Patital molar volume, 327 
determination of, 335 
Perpetual motion machine 
first kind, 48 
second kind, 167 
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de Reaction potential, 


- Probability and entropy, 229 

8 

_adiabatic, 3 
compression, 30 ` 
expansion, 30 

. irreversible,. 37 
isenthalpic, 65 
isobaric, 3 

-. isochoric, 3 
isothermál, 3 
reversible, 37 
quasi-static, 3 


Quasi-static process, 3 


Raoult’s law, 465 
Reaction 
endergonic, 263 
endothermic, 121 
exergonic, 263 
exothermic, 120 


. Reaction of 


dissociation of dinitrogen tetrox- 
ide, 424 
dissociation of water, 418 
synthesis of ammonia, 419 
374 
nt, 376 
Resonance: energy, . 146 


| Reversible юы. 37 


| em ү of thermodynamics, 162 


statements, 166 
Sign convention of heat and 

work, 1,29 
Solution | 
enthalpy of, 131 

ideal, 327 

nonideal, 327 
Spontaneity of reaction, 263 
Standard equilibrium constant, 376 
Standard molar enthalpy, 118 
State function, 16 
Statistical thermodynamics, | 
Surroundings, 2 


. Synthesis of ammonia, 


419 
eie | 
closed, 2 
isolated, 2 
multicomponent, 326 
of variable composition, 326 
open, 2 


... Table of thermodynamic 


properties, 459 
Temperature 
inversion, 71 
Kelvin, 173 
The thermodynamic square, 
Thermochemistry, 118 
Thermodynamic 
criteria of equilibrium, 256 
equation of state, 
temperature scale, 173 
Thermodynamics 
classical, 1 
firstlaw of 46 
of chemical reactions, 373 
second law of, 162 
statistical, 1 
third law of, 221 
zeroth law of, 46 
Third law of entropy, 221 
. Total differentials, 4 
Trouton’s rule, 215 
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Units and Conversion factors, 465 


Values of | 
physical constants, 466 
thermodynamic properties, 

Varibales 

. extensive, 3 
intensive, 3 
Van't Hoff equation, 389 


457 


Work of 

- compression, 30 
expansion, 30 

Zeroth law of thermodynamics, 46 


187, 193, 301 
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